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Scope 
In recent years it has become apparent that major cell biological processes are not dependent 
on individual proteins, but are carried out by assemblies of protein molecules. Different 
proteins work together in a highly coordinated way, resembling “molecular machines”. 
Several of these molecular machines can be found during division, when protein complexes 
precisely orchestrate profound changes in the structure and physiology of the cell. The plant 
microtubule (MT) cytoskeleton plays an essential role in cell division and undergoes fast 
rearrangements from cortical microtubules to a preprophase band, spindle and phragmoplast. 
This process requires the cooperation of several MT-associated proteins (MAPs).  
Although the knowledge on plant MAPs is gradually increasing, not much is known yet about 
the interactions between these MAPs, nor about the processes that regulate their activity, such 
as phosphorylation. In animal cells it is already described that the mitotic Aurora kinase is an 
important player in the cytoskeletal organization during division. Aurora kinase is therefore 
often compared to a conductor of a symphonic orchestra, interacting with several 
microtubule-binding partners, and coordinating the transitions through the different phases of 
the mitotic symphony. In plants however, not much is known yet about the function of the 
Aurora kinases or their interacting proteins. 
Consequently, in this research we aimed to identify MAP protein complexes that function 
together in the successful execution of mitosis and cytokinesis, specifically focusing on 
AURORA1 complexes. Yeast two-hybrid library screens and Tandem Affinity Purification 
experiments were performed to identify interaction partners (Chapter 2). To narrow down the 
resulting set of candidate interacting proteins, their GFP-localization was followed in dividing 
BY-2 cells. This strategy resulted in identification of candidate proteins that associate with the 
cytoskeleton or cell plate during cell division. 
In Chapter 3, the interaction between AURORA1 (AUR1) and its novel interacting partner, 
ARCTICA1 (ARC1) is analyzed in more detail. We provide evidence that ARC1 is an in vitro 
substrate of AUR1. Besides localizing to kinetochores and the cell plate during cell division, 
ARC1 associated with the plasma membrane in a polar manner. This membrane association 
was further characterized in Chapter 4. Finally, a similar strategy was followed to study the 
binding partners of the EB1 (End Binding 1) protein, that is known to form an interaction hub 
at the microtubule plus end in human cells (Chapter 5). Our interaction assays identified that 
the EB1 family of microtubule plus-end binding proteins dimerize in plants, and we further 
investigated the function of EB1 dimerization in the EB1 plus-end complex assembly.
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On the cover: Confocal projection of Bimolecular Fluorescent Complementation between 
EB1a-heGFP and SPR1-teGFP in a tobacco leaf epidermal cell. The fluorescent signal shows 
that EB1 and SPR1 interact on the cortical microtubules. 
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Chapter 1: Microtubule-associated proteins in plants 
 
"It (cell division, ed.) is a rather complicated process that seems to be necessary to distribute 
the substance of the mother nucleus evenly on both daughter nuclei." (Strasburger, 
Zellbildung und Zellteilung", 1875). 
 
Already since the 19th century, cell biologists have been intrigued by the rapid and drastic 
subcellular changes that plant cells undergo during division. Even with the earliest 
microscopy techniques, it was possible to visualize this “rather complicated” process, as 
cautiously phrased by Strasburger (1875), first in fixed and later in living Tradescantia anther 
cells (Lundstrom, 1879). The 19th century plant botanists successfully studied the appearance 
of longitudinal structures, later termed the chromosomes. These chromosomes were found to 
move apart, followed by a separation of the mother cell into two daughter cells by a newly 
formed cell wall. More than 100 years later, it is still inspiring to watch a living plant cell 
divide under the microscope. In the last decade, the use of fluorescent proteins has led to a 
revolution in light microscopy, originating from the characterization of the green fluorescent 
protein (GFP) from the Aequorea victoria jellyfish. Since then, new and improved versions of 
fluorescent proteins have been fused to proteins of interest, thus enabling the protein 
localization of several molecular players during cell division. 
A crucial role is performed by the cytoskeleton, a “skeleton” in the cytoplasm, which consists 
of different types of filaments. These filaments not only cooperate to form a scaffold for 
coordinating cell shape and elongation, but also direct subcellular transport, such as 
separation of the chromosomes during anaphase, the movement of various organelles, or 
transport of new cell wall material to the growing cell plate during cytokinesis. Plants contain 
two groups of cytoskeletal filaments: microtubules (MT) and actin filaments. Because the 
dynamic rearrangements of the MT cytoskeleton are controlled by microtubule-binding 
proteins, we will give an overview of these plant cytoskeleton-associated proteins, thereby 
discussing into more detail which specific processes they regulate. 
Chapter 1 
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Microtubule structure and dynamics 
Microtubules (MT) are hollow cylinders with a diameter of around 25 nm. They consist of 
laterally grouped protofilament fibers that are composed of α- and β-tubulin heterodimer 
subunits (Desai and Mitchison, 1997). Both the α- and β-subunits are bound to a molecule of 
GTP (Guanosine-5'-triphosphate). The GTP bound to α-tubulin is stable, but the GTP bound 
to β-tubulin may be hydrolized to GDP shortly after assembly. Both ends of the microtubule 
cylinders are distinctly different: the plus end is terminated by β-tubulin, whereas the minus 
end has α-tubulin at its end (Figure 1.1). The difference between minus- and plus-ends can be 
specifically recognized by various microtubule-binding proteins and the ends show different 
assembly/disassembly rates of subunits. Taken together, the microtubules have a polar head-
to-tail direction, which is essential for the functioning of the microtubules as tracks. 
 
Figure 1.1: The structure of a microtubule and its subunits (Alberts et al., 2002) (A) Each protofilament 
consists of tightly associated α- and β-tubulin heterodimers. The GTP molecules are shown in red. (B) A 
protofilament consists of many α-β tubulin heterodimers in the same orientation.  (C) 13 parallel 
protofilaments assemble into a hollow tube, the microtubule.  (D) Electron microscopy image of a 
microtubule. (E) A cross-section of a microtubule visualized by electron microscopy, showing a ring of 13 
protofilaments.  
 
 
Introduction 
21 
 
Microtubules can show treadmilling, which occurs when the filament adds subunits at the plus 
end, but simultaneously loses subunits from the minus end. As a result, the microtubule seems 
to translocate. However, marks created by photobleaching on these migrating microtubules 
remained stationary as the microtubule moved, demonstrating that microtubules do not 
physically move, but rather reposition through the addition and loss of tubulin dimers (Figure 
1.2). 
Figure 1.2 Treadmilling of a microtubule in a living cell. The rhodamin-
labeled microtubule (shown in green) was followed in time. The microtubule 
lattice remains stationary (as shown by dark mark indicated by red 
arrowhead), while the plus end is growing (indicated by white arrowhead) 
(Alberts et al, 2002). 
Microtubules are very dynamic structures that undergo periods of 
growth (polymerization), pausing, and shortening 
(depolymerization) and the transitions are called catastrophe (from 
assembly to disassembly) and rescue (from disassembly to 
assembly). This behavior of microtubules is known as dynamic 
instability. Assembly-polymerization and disassembly-
depolymerization of microtubules is driven by GTP hydrolysis. 
Tubulin subunits that are added to the microtubule are in the GTP 
conformation. The GTP from β-tubulin (Figure 1.1) is hydrolysed 
to GDP after incorporation, while the GTP from α-tubulin is stable. 
It has been proposed that this GTP hydrolysis changes the 
conformation of a protofilament from a slightly curved tubulin-
GTP to a more profoundly curved tubulin-GDP structure (Wang 
and Nogales, 2005). This model therefore predicts that growing 
microtubules contain a “GTP cap” which forces the rest of the 
more curved tubulin-GDP subunits to remain straight in the 
microtubule lattice. When the amount of incorporated tubulin-GDP 
subunits increases, the GTP cap is lost and the contacts between 
the protofilaments are destabilized, resulting in depolymerization 
of the microtubules. Additionally, the dynamic instability of 
microtubules is regulated by a range of MAPs (microtubule 
associated proteins). 
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The dynamic properties of the microtubules are essential for the rapid construction and 
function of different MT arrays that succeed each other during the cell cycle (Fig. 1.3). The 
spindle is conserved between plants and animals, where it is involved in separating the 
chromosomes. When comparing the plant metaphase spindle (Fig. 1.3 e) to the metaphase 
animal spindle (Fig. 1.3 f), it can be seen that the plant poles are broader, and there are no 
obvious spindle poles or astral microtubules. The other MT structures such as the cortical 
array, preprophaseband and phragmoplast are plant-specific, since they are related to the 
function of the cell wall (Fig. 1.3). During interphase, the cortical microtubules are involved 
in the ordered deposition of the cellulosic cell wall. The preprophase band is a ring of 
microtubules, formed in G2 phase that predicts the future site of the division plane. During 
cytokinesis, a double ring of interdigitating microtubules forms the phragmoplast. This 
structure serves as a scaffold for the movement of Golgi-derived vesicles containing cell wall 
material to the equator of the phragmoplast, where these vesicles fuse together and form a 
new cell wall. 
Correct functioning of these cytoskeletal structures requires tight cooperation of different 
MAPs. The characterization of plant MAPs has been considerably slower compared to animal 
MAPs. The rapid progress on animal MAPs was due to the fact that vertebrate brain contains 
such a high percentage of tubulin that microtubules can be polymerized from it by self-
assembly, together with associated MAPs. Plant cells contain a lower proportion of tubulin 
and the presence of the tough cell wall, vacuolar phenolics, cross-linking peroxidases and 
hydrolases complicated the biochemical isolation of plant proteins. Therefore, plant MAPs 
Figure 1.3: Microtubular 
structures in tobacco BY-2 cells 
(from Lloyd and Hussey, 2001).  
Microtubules are green, DNA is 
depicted in blue. (a) depicts 
interphase cortical microtubules, 
(b) preprophase band, (c) plant 
spindle during anaphase, (d) 
phragmoplast, (e) plant 
metaphase spindle and (f) animal 
metaphase spindle . The scale bar 
represents 7.5 µm.  
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were identified by following different strategies, such as homology searches, mutational 
approaches, affinity to animal tubulin or biochemical purification from cytoplasmatic extracts. 
Traditionally, MAPs were defined as proteins that could co-precipitate with MTs in vitro as a 
result of direct and specific binding (Sedbrook, 2004; Hamada, 2007; Kaloriti et al., 2007). 
However, sometimes a more broader definition of MAPs is used, which also includes proteins 
that are involved in regulation and construction of MTs but that are difficult to directly co-
purify with microtubules (Hamada, 2007). An example of this type of MAP is the SPR1 
protein that localized at microtubule plus ends but did not co-purify in vitro with taxol-
stabilized MTs (Sedbrook et al., 2004). 
Structural Microtubule Associated Proteins (MAPs): involved in 
assembly and disassembly 
MT nucleation 
It is expected that all eukaryotes have a common basic mechanism of MT nucleation (Wiese 
and Zheng, 2006), because in plants, yeast and animal cells, MT nucleation starts from a 
complex that contains γ-tubulin (γTuC) (Oakley and Oakley, 1989; Liu et al., 1993; Erhardt et 
al., 2002; Drykova et al., 2003; Murata et al., 2005). Interestingly, the distribution of MT 
nucleation sites in plants is completely different from animal and yeast cells. While animal 
and yeast cells have discrete MT nucleation sites (MTOC: microtubule organizing center) 
such as centrosomes or spindle pole bodies, plants do not contain spindle pole bodies (SPB) 
or centrosomes, and the nucleation sites are dispersed throughout the cytoplasm (Figure 1.3 
showed an animal spindle and a plant spindle without SPB’s). Animal and yeast MTOCs 
contain large numbers of γTuC complexes grouped together, and in contrast to this, in plants 
it has been shown that on the cortical microtubules, each MT nucleation site usually nucleates 
only one MT (Chan et al., 2003a; Murata et al., 2005). Microtubules can also be nucleated 
from existing MTs (Murata et al., 2005), suggesting that γTuCs-anchoring MAPs may be 
required to target the γTuC on the MT surface. However, until now, these γTuC-related MAPs 
have not been uncovered. In contrast to animal MTs, plant MTs are released from their sites 
of origin after nucleation, and transported to new locations (Shaw et al., 2003). This 
mechanism allows the MTs to change their orientation, since most cortical polymers are 
created at angles that are discordant to the global orientation of a parallel cortical array 
(Murata et al., 2005), eventually resulting in parallel arrays of ordered cortical microtubules.  
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It has been shown that plant MTs can nucleate from the nuclear envelope as well.  
An important player in this nucleation is the SPC98 protein (Spindle Pole Body Component 
of 98 kDa). Together with γ-tubulin, the SPC98 family plays an essential role in yeast and 
animal MTOCs (Murphy et al., 1998; Pereira et al., 1998; Tassin et al., 1998). The 
Arabidopsis homologue of SPC98 colocalizes with γ-tubulin at the nuclear surface, both on 
isolated tobacco nuclei and in living cells (Erhardt et al., 2002), as was shown in Figure 1.4. 
Although AtSPC98-GFP localizes at the cell cortex, the protein does not co-localize with γ-
tubulin along microtubules. These data suggest that in plant cells, the nuclear envelope 
contains multiple complexes that can function as MTOCs, possibly replacing the 
centrosomes. (Erhardt et al., 2002).  
 
Figure 1.4: Plant Spc98 and γ-tubulin localization at the surface of isolated tobacco BY-2 nuclei after in 
vitro MT nucleation. Confocal images of nuclei labeled with anti-Spc98/Alexa 488 (A) or anti-γ-
tubulin/Alexa 568 (D). The same nuclei were also stained with anti-α-tubulin/Alexa 568 (B and E). The 
merged mid-sections show the perinuclear sites of MT nucleation (C and F). Pre-incubation with anti 
γ-tubulin antibodies results in inhibition of MT nucleation (G). Pre-incubation with anti-SPc98 
antibodies results in no MT nucleation, only a few short MT remnants are observed (H). Following a 
competition assay for 1 hour with pre-incubation using anti-SPc98 antibodies and Spc98 derived 
peptide, nucleation was not inhibited (I). The insets are Nomarski images of the isolated nuclei. Bar, 10 
µm. This figure was taken from Erhardt et al. (2002). 
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Recently, another protein factor involved in the MT nucleation on the nuclear membrane, was 
purified from the nuclear surface of cultured tobacco BY-2 cells (Nakayama et al., 2008).  
This nucleating factor was found to be a Histone H1-related protein, and immunolocalization 
experiments confirmed the presence of this Histone H1 at the nuclear plasm and the nuclear 
periphery. Histone H1 could cluster with tubulin to generate radial microtubules in vitro. 
Interestingly, Histone H1 and tubulin formed complexes immediately, even on ice. These 
complexes aggregated into clusters and these clusters then generated radial microtubules. The 
microtubule-organizing property was specific for histone H1, not for the other core histones 
tested. Pre-incubation with anti-histone H1 antibodies virtually abolished the ability of the 
nucleus to organize radial microtubules (Nakayama et al., 2008). To conclude, the study of 
proteins that are involved in the nucleation of acentrosomal MT arrays is still an emerging 
field, aiming to understand how MAPs cooperate to regulate the nucleation of plant 
microtubules in the absence of centrosomes. 
MT assembly 
After deciding where the microtubules will start to grow, it is also important to regulate the 
precise length of the microtubule filaments. This can be controlled by influencing the balance 
of microtubule growth and shrinkage. One protein involved in this process is the Arabidopsis 
MICROTUBULE ORGANIZATION 1 (MOR1), part of the well-conserved MAP215/DIS1 
family that can be found in all eukaryotes (Whittington et al., 2001; Gard et al., 2004). In vitro 
tests with MAP65 family members XMAP215 (xenopus), TOG (human) and MAP200 
(tobacco) have shown that these proteins promote tubulin polymerization dramatically (Gard 
and Kirschner, 1987; Charrasse et al., 1998; Hamada et al., 2004). Besides increasing the 
microtubule growth speed, plant and animal MAP215 family members also increase 
shrinkage speed, catastrophe frequency and rescue frequency in vitro (Vasquez et al., 1994; 
Hamada, 2007). 
In Arabidopsis, MOR1 was originally identified as a temperature sensitive mutant that 
showed disorganized cortical microtubules at restrictive temperatures (Whittington et al., 
2001). Additionally, a stronger mor1 allele was found, called Gemini pollen (gem1), which 
resulted in homozygous lethality and cytokinesis defects in haploid microspores (Twell et al., 
2002).  These results suggested that MOR1/GEM1 was not only involved in the organization 
of cortical microtubules, but also in phragmoplast formation. This was confirmed in the 
original mor1 temperature-sensitive mutant, where cell plate defects could be detected caused 
by misorganization of the phragmoplast microtubules (Eleftheriou et al., 2005). Additionally, 
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MAP200/MOR1 also localized to the other MT structures in different stages of the cell cycle 
(Twell et al., 2002; Hamada et al., 2004), suggesting that this family regulates MT dynamics 
during the whole cell cycle. As shown by Kawamura et al. (2006), the mor1 mutation indeed 
led to defects in preprophase bands (PPBs), spindles and phragmoplasts (Figure 1.5). 
Mutant mor1-1 spindles and phragmoplasts were short and abnormally organized and 
persisted for longer times than in wild-type cells. This suggested that the correct length of the 
microtubules was essential for the correct functioning of spindles and phragmoplasts. 
Eventually, the microtubule organizational defects resulted in delayed chromosome 
segregation and cytokinesis (Kawamura et al., 2006). The microtubular localization of the 
mutant protein was not lost, suggesting that the downstream function of MOR1 was disturbed, 
possibly its interaction with its binding partners. 
  
 
 
Figure 1.5 Comparison of microtubule 
arrangements in root-tip cells of wild type 
and mor1-1 (Kawamura et al., 2006). 
Immunofluorescence images were taken 
after culture at 31°C for 24 h. (A) to (H), 
confocal images show antitubulin (green) 
and DAPI-stained nuclei and chromosomes 
(blue). Bars = 5 µm. Different cytoskeletal 
arrays were compared, such as PPBs (WT: 
A, mor1-1: B), spindles (WT: C, E mor1-1: 
D, F) and phragmoplasts (WT: G, mor1-1: 
H). The arrowhead indicates uncoupled 
spindle component and associated 
chromosomes (F). The double-headed 
arrows indicate how spindle and 
phragmoplast lengths were measured.  
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Recently, it was found in Xenopus that the MOR1 homologue XMAP215 interacts with other 
well-characterised MAPs such as APC, EB1 and CLIP170, which in turn affects MT 
dynamics during interphase and mitosis (Niethammer et al., 2007). None of these interactions 
have been tested in plants yet, therefore future work will be needed to elucidate the 
interactions between MOR1 and its plant binding partners. 
A possible mechanism for acceleration of MT elongation by MOR1 was proposed by Hamada 
et al. (2004). The tobacco homolog of MOR1, MAP200, was found to interact with tubulin 
dimers, prompting the authors to suggest that MOR1/MAP200 could shuttle cytoplasmic 
tubulin oligomers for polymerization at the plus ends of microtubules. 
Additional to its effect on dynamic instability, the MAP215 family may also be involved in 
MT nucleation. Animal and yeast homologues of MOR1 localize both on MTOCs and on 
MTs, suggesting that these MAP215 family members are involved in MT nucleation (Wang 
and Huffaker, 1997; Charrasse et al., 1998; Matthews et al., 1998; Nabeshima et al., 1998; 
Cullen et al., 1999; Tournebize et al., 2000; Garcia et al., 2001; Kosco et al., 2001; Gard et al., 
2004). It has been speculated that the MAP215 proteins stabilize the plus ends of the nascent 
MTs that originate from the γTuCs, and in this way also contribute to the nucleation of new 
microtubules (Gard et al., 2004).  
MT destabilization 
Besides regulating the microtubule length by influencing polymerization, the microtubule 
lattice can also be broken. In plants, until now the katanin protein is the only MAP identified 
that is capable of severing the microtubules. In animals, katanin was originally identified as a 
MT severing factor composed of a 60 kDa ATPase subunit (p60) with MT fragmenting 
capacity, and a 80 kDa (p80) regulatory subunit (McNally and Vale, 1993; Hartman et al., 
1998; Hartman and Vale, 1999; McNally et al., 2000). The animal katanin protein localizes to 
centrosomes, where it cuts the MTs from their minus end anchors (McNally et al., 1996). The 
severing activity of the 60 kDa plant homolog At-p60 has been confirmed in vitro (Stoppin-
Mellet et al., 2002; McClinton et al., 2001; Burk and Ye, 2002), whereas the plant p80 
homolog has been identified but its function still remains elusive (Bouquin et al., 2003). The 
high importance of the Arabidopsis p60 katanin genes in the organization of cortical 
microtubules can be derived from their striking phenotypes. In the fragile fiber (fra2) and 
botero1 (bot1) mutant, the cortical microtubules are not arranged in parallel arrays but 
disorganized, which also results in reduced cellulose content of the plant cell walls (Bichet et 
al., 2001; Burk et al., 2001). The mutant plants were more compact and all organs were 
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stubbier (Figure 1.6), thereby explaining why the BOTERO1 locus was named after the 
Columbian painter with a strong preference for stubby characters and objects. 
In the p60 katanin mutant erh3 (ectopic root hair mutant), root hairs emerge from the cells at 
unpredicted places, suggesting that microtubules are involved in the specification of cell 
identity in Arabidopsis root cells (Webb et al., 2002). Interestingly, a truncated p60 katanin 
mutant was identified in a screen for mutations that affect gibberellin (GA) biosynthesis, 
suggesting that katanin was involved in microtubule dynamics in response to plant hormones 
(Bouquin et al., 2003). Similarly in the rice katanin p60 mutant dgl1, upregulation of GA 
biosynthetic genes was observed (Komorisono et al., 2005). Analysis of dgl1 suggested that 
the expression of the GA biosynthetic genes was repressed by GA3 treatment, suggesting that 
the upregulation of the GA biosynthesis genes was not caused by insufficient GA signaling, 
but by aberrant organization of the cortical microtubules (Komorisono et al., 2005).  
MAPs involved in MT organization 
MT bundling: the MAP65 family 
Already for a long time, electron microscopy experiments on plant cells revealed the presence 
of cross-bridges between microtubules (Hardham and Gunning, 1978; Lancelle et al., 1986). 
These crossbridges were also observed in isolated cortical microtubules and phragmoplasts 
(Sonobe et al., 2001). To identify these cross-bridging factors, biochemical purifications of 
microtubules from tobacco BY-2 cells were performed, which resulted in the identification of 
Figure 1.6. The fragile fiber/BOTERO1 phenotype in Arabidopsis. (a) Seven-day-old 
light-grown wild-type (left) and bot1-1 (right) seedlings. (b) Four-week-old wild type 
(left) and bot1-1 (right) plants grown in the greenhouse. (c) Adult plant of wild-type 
(left) and various bot1 alleles. The plants were grown for 6 weeks in the greenhouse. 
This picture was taken from (Bichet et al., 2001) 
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the MAP65 family, a group of 60-65 kDa proteins (Jiang and Sonobe, 1993). The Arabidopsis 
genome contains nine MAP65 proteins with different functions (Hussey et al., 2002; Van 
Damme et al., 2004b; Mao et al., 2005b). The microtubule bundling activity of MAP65 
proteins has been demonstrated in tobacco (NtMAP65-1a and b), Arabidopsis (AtMAP65-1), 
Zinnia (ZeMAP65-1) and carrot (carrot MAP65) (Jiang and Sonobe, 1993; Chan et al., 1999; 
Chan et al., 2003b; Smertenko et al., 2004; Wicker-Planquart et al., 2004; Mao et al., 2006). 
During cell division, the MAP65 proteins associate with the different microtubular arrays. 
The AtMAP65-1, NtMAP65-1a and AtMAP65-3 proteins localize specifically to the midzone 
of MT structures, such as the antiparallel overlapping region of the phragmoplast (Smertenko 
et al., 2000; Muller et al., 2002; Muller et al., 2004; Smertenko et al., 2004; Van Damme et 
al., 2004b). The AtMAP65-3/PLEIADE mutant demonstrated the essential role of this MAP65 
protein in cytokinesis (Muller et al., 2002; Muller et al., 2004). Although AtMAP65-1 and 
NtMAP65-1 bind to the cortical microtubules and the PPB, they do not associate with the 
prometaphase or metaphase spindle microtubules, but reappear later at the midzone of the 
anaphase spindle and the phragmoplast (Smertenko et al., 2000; Smertenko et al., 2004; Van 
Damme et al., 2004b; Mao et al., 2005a). Interestingly, this specific localization pattern is 
regulated by phosphorylation by CDKs (cyclin-dependent kinases) and MAPKs (mitogen-
activated protein kinases). It was shown that AtMAP65-1 was phosphorylated at all stages of 
the cell cycle (Sasabe and Machida, 2006; Smertenko et al., 2006), but the protein gets 
hyperphosphorylated during prometaphase and metaphase by CDKs and MAPKs. This 
hyperphosphorylation disturbs the MT binding capacity of AtMAP65-1 (Smertenko et al., 
2006). The regulation of MAP65 by kinases was elegantly shown by mutating a putative 
CDK-phosphorylation site, which caused the protein to associate prematurely to the 
metaphase and spindle midzone (Mao et al., 2005a). Similarly, mutating nine predicted 
phosphorylation sites of AtMAP65-1 resulted in excessive accumulation of MTs in the 
metaphase spindle midzone and this caused a delay in the transition to anaphase (Smertenko 
et al., 2006). Taken together, these data prove that phosphorylation is involved in the 
inactivation of AtMAP65-1, which is subsequently necessary for metaphase spindle 
organization and the correct transition to anaphase (Smertenko et al., 2006). 
Once the phragmoplast starts to expand centrifugally, the AtMAP65-1 midzone localization 
disappears from the phragmoplast (Mao et al., 2005a). It was shown that the MAP kinase 
pathway NACK-PQR (NPK1-activating kinesin-like-NPK1, NQK1 and NRK1 pathway) is 
controlling the bundling activity of NtMAP65-1 during phragmoplast expansion (Sasabe and 
Machida, 2006). Figure 1.7 shows a model of the roles of MAPK pathway and MAP65 during 
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phragmoplast expansion (Sasabe and Machida, 2006). As a conclusion, MAPK 
phosphorylation of NtMAP65-1 suppresses the MT bundling activity, which results in 
destabilization of the MTs at the phragmoplast midzone. This destabilization of the MTs then 
stimulates phragmoplast expansion and the progression of cytokinesis (Sasabe and Machida, 
2006; Sasabe et al., 2006). It has been proposed that lateral expansion of the phragmoplast is 
driven by the supply of free tubulins, that need to be depolymerized from the MTs on the 
inner side of the phragmoplast. This would explain the necessity of MT depolymerization for 
phragmoplast expansion. Drug experiments with taxol, a chemical that blocks 
depolymerization of MTs, have shown that when depolymerization is inhibited, the 
phragmoplast expansion is blocked, resulting in cells with thicker cell plates (Yasuhara et al., 
1993). Other important players in the reorganization of phragmoplast microtubules during cell 
plate formation are the NACK1/HINKEL kinesins (Strompen et al., 2002; Tanaka et al., 
2004). These kinesins can activate the PQR MAPK cascade, ultimately leading to 
phosphorylation of the MAP65 proteins, as shown in Figure 1.7. 
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Figure 1.7. Overview of MAP65 regulation and function in the assembly and disassembly of MTs in the 
phragmoplast (Sasabe and Machida, 2006). (a) A model of the MAPK pathway involved in the 
phosphorylation of MAP65 during plant cytokinesis. MAP65 stabilizes and maintains phragmoplast 
structures by bundling MTs when the NACK-PQR pathway is inactive (upper left). In the midzone of the 
phragmoplast, where the components of the NACK-PQR pathway are activated, MAP65 is 
phosphorylated by MAPK. This phosphorylation results in localized suppression of the MT-bundling 
activity of MAP65, and this suppression increases the instability of the phragmoplast and the rate of MT 
turnover. As a result, this finally leads to accelerated expansion of the phragmoplast (right). (b) 
Microtubule dynamics in the phragmoplast regulated by MAPK phosphorylation during plant 
cytokinesis. (i) in anaphase, a cylinder-like phragmoplast is formed by two bundles of overlapping 
antiparallel MTs, stabilized by MAP65 dimers. The components of the PQR MAPK cascade are localized 
to the midzone of the phragmoplast and are activated by co-localizing NACK1 kinesin-related proteins in 
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the midzone. NRK1 MAPK phosphorylates MAP65, which results in a decrease of the MT bundling 
activity of MAP65, which in turn might promote the dynamics of the phragmoplast MTs at the midzone. 
Golgi-derived vesicles are translocated along the phragmoplast MTs by motor proteins towards the 
midzone of the phragmoplast. The Golgi-derived vesicles are fused at the midzone and successively form a 
fusion tube network. (ii) In late telophase, the phragmoplast changes from a cylinder-like shape to a ring-
shape surrounding a mature cell plate. Phosphorylation of MAP65 at the phragmoplast might untangle 
the highly bundled phragmoplast MTs, and the resultant relaxed MTs at the midzone might allow 
expansion of the phragmoplast, probably thanks to indirectly enhanced MT dynamics. Other cytokinesis-
related proteins have been omitted to simplify the figure. 
Motor MAPs: kinesins 
Kinesins are motor proteins that can convert chemical energy in the form of adenosine 
triphosphate (ATP) into force or movement. Hydrolysis of ATP allows the kinesins to move 
along the microtubules, so they can transport cargo vesicles, organelles and proteins to 
specific subcellular locations. Additionally, kinesins can be involved in the displacement of 
microtubules. In Arabidopsis, a wealth of 61 kinesins is present, some of which have plant-
specific domain structures (Lee and Liu, 2004; Richardson et al., 2006; Vanstraelen et al., 
2006). The current hypothesis is that plants require more kinesins compared to animals to 
organize their microtubular structures, because plants lack distinct microtubule organizing 
centers or dynein motor proteins (Smirnova et al., 1998; Ambrose et al., 2005). In this section, 
we will focus on the kinesins involved in the organization of the plant mitotic MT arrays, 
such as the spindle and the phragmoplast.  
To obtain a bipolar symmetric structure like a spindle, opposing forces must be generated by 
motor proteins (Sharp et al., 2000b; Gadde and Heald, 2004). To keep the force-balance, these 
motor proteins have to push in opposite directions. First, to generate an outward poleward 
force, plus-end directed motors push the poles apart by cross-linking anti-parallel midzone 
microtubules and moving to their plus ends; second, to create an inward force, minus-end 
directed motors draw the spindle halves together and focus the poles. The animal spindle 
poles are focused by dynein and minus-end directed kinesins, whereas in plants the function 
of dynein is completely taken over by minus-end directed motors. In animal cells, molecular 
studies have uncovered the responsible motor proteins, but their characterization in plants is 
just beginning. 
The kinesin-14A subfamily contains several Arabidopsis kinesins such as KatA/ATK1, 
ATK5, KatB and KatC (Mitsui et al., 1993; Liu et al., 1996; Chen et al., 2002; Marcus et al., 
2002; Ambrose et al., 2005). Based on the structure of their neck- and motor domains, these 
kinesins are classified as minus-end directed motors. Several members of this family are 
linked to the organization of spindle microtubules, e.g. ATK1 is involved in the control of 
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spindle dynamics, probably by generating forces at spindle MT minus ends (Liu et al., 1996; 
Chen et al., 2002; Marcus et al., 2002; Marcus et al., 2003). ATK5 was localized to MT plus 
ends in a way similar to the +TIPS (MT plus-end-tracking proteins, see below) and the protein 
localized to the spindle midzone and the phragmoplast. Recently it was shown that ATK5 
could participate in the search and capture of antiparallel interpolar microtubules to correctly 
co-align the microtubules. A null mutation in ATK5 showed abnormally elongated and 
frequently bent spindles, thereby suggesting that ATK5 was involved in the regulation of 
correct early spindle length, width, and integrity (Ambrose and Cyr, 2007). Additionally, 
recent work from Bannigan et al. describes the central role of kinesin-5 in plant mitosis: the 
AtKRP125c mutant (one of the four kinesin-5 motors in Arabidopsis) shows not only 
disorganized cortical microtubules during interphase, but also massively disrupted spindles 
(Bannigan et al., 2007). It is suggested that this is caused by a defect in the stabilization of 
anti-parallel microtubules, which is very similar to the previously described phenotypes of 
kinesin-5 mutants in other systems (Endow, 1999; Sharp et al., 2000a; Bannigan et al., 2007). 
Taken together, the kinesin-5 and kinesin-14 motor proteins are proposed to be the plant 
candidates that keep the balance of forces during the organization of a plant spindle. 
During the next step of cell division, the phragmoplast needs to be constructed. This plant-
specific MT structure is responsible for cell plate formation during cytokinesis and regulation 
of this process also requires different kinesin motor proteins. The first examples are the M-
phase-specific kinesins NACK1 (HINKEL/OsDBS1) and NACK2 (STUD/TETRASPORE) 
whose interaction with NPK1 (nucleus- and phragmoplast-localized protein kinase 1) is 
required both for the localization and the activation of NPK1 (Nishihama and Machida, 2000; 
Nishihama et al., 2002; Soyano et al., 2003; Tanaka et al., 2004), see also Figure 1.7. Without 
proper localization and activation by phosphorylation of NPK1, the lateral expansion of the 
phragmoplast and the cell plate during cytokinesis is disturbed (Nishihama et al., 2001; Jin et 
al., 2002; Krysan et al., 2002). Other kinesins involved in the proper structure of the 
phragmoplast microtubules are the AtPAKRP1 proteins/Kinesin 12 (Phragmoplast-associated 
Kinesin-related-proteins), which distinctly localize at the antiparallel microtubules in the 
middle region of the phragmoplast (Lee and Liu, 2000; Lee et al., 2001; Liu et al., 2003; Lee 
et al., 2007). Double mutants in both PAKRP1 and its homolog PAKRP1L showed severe 
postmeiotic cytokinesis defects. The cells could not form antiparallel phragmoplast 
microtubules after chromatid segregation, which then resulted in aborted cytokinesis without 
cell plate formation (Lee et al., 2007). For a long time, the phragmoplast microtubules have 
been thought to overlap. However, interdigitating microtubules could not be found in recent 
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tomographic models, suggesting that the hypothesis of overlapping microtubules should be 
abandoned. As an alternative, it was proposed that plus ends of one group of microtubules are 
inserted in an amorphous structure termed the cell plate assembly matrix at the cell division 
site (Austin et al., 2005). The results of Lee et al. suggest that the PAKRP1 proteins are 
involved in this process because they could serve as linkers of the plus ends of the antiparallel 
phragmoplast microtubules. 
It is of high importance to regulate the attachment of the new cell wall to the mother wall 
precisely, and therefore the phragmoplast needs to be guided. Before spindle formation, the 
preprophaseband (PPB), a ring of MTs and actin filaments around the cell cortex, demarcates 
the future site of the new cell wall. Although it is likely that numerous MAPs will be involved 
in the formation and the function of the PPB, and also in linking the PPB to phragmoplast 
guidance, few PPB-regulating MAPs have been identified so far. The TANGLED1 protein 
was originally identified in maize (Smith et al., 2001) as a highly basic protein that localizes 
to the PPB. In the TAN1 mutant, phragmoplasts become misguided and this results in 
mispositioned cell walls. Recently, the Arabidopsis homolog of TANGLED was fused to YFP 
and its localization was followed during cell division and as expected AtTAN1 colocalizes at 
the future division plane with PPBs, forming well-defined, peripheral rings. Interestingly, the 
AtTAN::YFP rings persist after PPB disassembly, thereby marking the division plane 
throughout mitosis and cytokinesis (Walker et al., 2007). Previously, a yeast-two-hybrid 
screen identified two kinesins that interacted with TAN1: POK1 and POK2 
(PHRAGMOPLAST ORIENTING KINESIN 1 and 2) (Muller et al., 2006), and the 
pok1/pok2 double mutant phenotype shows misoriented mitotic MT structures and misplaced 
cell walls, which is very similar to the maize TAN1 mutant. Consistent with this, it was 
shown that the initial recruitment of AtTAN::YFP to the division zone requires microtubules 
and the kinesins POK1 and POK2 (Walker et al., 2007). To conclude, these results indicate 
that AtTAN1 is a “marker” protein that is left behind when the PPB is disassembled, and later 
during cytokinesis, AtTAN1 is involved in the guidance of the expanding phragmoplast to the 
former PPB site. 
MT Plus End Interacting Proteins (+TIPS) 
Recent in vivo fluorescent imaging techniques have led to the discovery of a new group of 
MAPs, called the MT plus end interacting proteins (+TIPS). An example of a +TIP is CLIP-
170, as shown in Figure 1.8.  
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These proteins localize preferentially to the MT plus ends, where they not only control 
microtubule dynamics but also microtubule interactions with other cellular structures such as 
the cell cortex, organelles, kinetochores, and the actin cytoskeleton (Akhmanova and 
Steinmetz, 2008). Interestingly, complex dynamic interactions between +TIPs have been 
reported in animals and yeast cells, and it is suggested that these interactions are necessary for 
the physiological function of the +TIPs by forming rafts of interacting proteins, surfing on the 
MT plus end (Coquelle et al., 2002; Galjart and Perez, 2003; Bisgrove et al., 2004). 
The study on +TIPS in plants is a recently growing research area, and only few plant +TIPs 
have been discovered so far. In contrast to this, in yeast and human cells, several +TIPS have 
been described, together with the possible mechanisms of how these +TIPS can specifically 
recognize and travel along the dynamic plus end of a microtubule (Figure 1.9). We will 
therefore first discuss what is known in non-plant systems concerning the plus-end tracking 
mechanisms of +TIP proteins, and then a description of the identified plant +TIPs will be 
given. 
Plus-end tracking mechanisms 
Although some proteins can bind to the plus ends of depolymerizing microtubules, for 
example the above described XMAP215 (Brouhard et al., 2008), most +TIPs only associate 
with growing microtubule plus ends. This suggests that certain aspects of microtubule 
dynamics can be detected by the +TIP proteins, which is the first proposed mechanism for 
plus-end binding (Figure 1.9).  
Figure 1.8: (A) GFP–CLIP-170 
bound to the ends of growing 
microtubules in cells. The yellow 
segments represent GFP–CLIP-170 
at microtubule ends, and the red is 
microtubules. (B) Model for CLIP-
170 (green) binding to microtubule 
ends (Howard and Hyman, 2003). 
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Figure 1.9. Mechanisms of microtubule plus-end tracking (Akhmanova and Steinmetz, 2008). (a) Plus-end 
proteins can arrive at the microtubule tips by diffusion in the cytoplasm or along the microtubule lattice. 
Alternatively, they can also be transported to microtubule plus ends by kinesin motor proteins. In all these 
cases, +TIP accumulation at the MT ends can be caused by their preference for a specific structural or 
chemical property associated with MT polymerization. The affinity of some +TIPs for the microtubule 
end may depend on their binding partners (this is called hitchhiking). Finally, some +TIPs might co-
polymerize with tubulin dimers or oligomers. (b) +TIPs that recognize a specific structure at the growing 
microtubule end (or co-polymerize with tubulin) might be immobilized at the ends until this structure is 
converted into the regular microtubular lattice (known as treadmilling; visualized by a row of tubulin 
dimers shaded in green). Alternatively, +TIPs may exchange rapidly at their binding sites at the 
microtubule ends, while these binding sites decay over time during microtubule lattice maturation. 
The question remains what these structural differences precisely are between the tip and the 
rest of a microtubule, and the first possible answer is the presence of the GTP cap. However, 
the comet-like accumulation of certain mammalian +TIPs is much longer than the supposed 
length of the GTP cap, suggesting that this cannot be the only responsible factor. The plus end 
of a microtubule is not a cylinder, but a curved open sheet, and the edges are brought together 
like a “zipper” when the microtubule grows (Carvalho et al., 2003). Therefore +TIPs might 
recognize the curvature of tubulin sheets or filaments, or they might recognize certain tubulin 
sites that are otherwise hidden inside the microtubule tube. A promising candidate for this 
kind of plus-end tracking is the EB (End Binding)-family, since recent electron microscopy 
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experiments have demonstrated that the yeast EB homologue MAL3 can specifically 
recognize the microtubule seam, the place where the MT protofilament sheet zips as the MT 
polymerizes (Fig. 1.10) (Sandblad et al., 2006). This would allow EB proteins to recognize 
tubulin sites that are normally obscured by inter-protofilament contacts in the rest of the 
microtubule, but not at the plus end. 
 
Recently, plus-end tracking of yeast +TIPS (including MAL3) was beautifully reconstituted in 
an in vitro system (Bieling et al., 2007). The microtubule-plus end behavior of MAL3, TEA2 
and TIP1 could be followed using chemically functionalized surfaces and two-colour total 
internal reflection fluorescence (TIRF) microscopy (Figure 1.11). This new in vitro system 
will be a powerful new tool to test the proposed mechanisms for microtubule end targeting of 
different +TIPs.  
Figure 1.10. MAL3 molecules are observed on the surface of microtubules. (A) A plain 
microtubule with the typical ram-horn-shaped tubulin oligomers that originate from 
microtubule depolymerization. (B) shows microtubules copolymerized with MAL3. The 
boxed areas are shown magnified in (D) and (E). The yellow lines in (D)–(E) mark the outer 
rim of protofilaments, and the red dots highlight clearly recognizable MAL3 particles. These 
locate normally right into one single groove between two protofilaments, while the rest of the 
surface remains free of MAL3. (C) shows a 3D model that summarizes the results (Sandblad 
et al., 2006). 
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Figure 1. 11 in vitro system to follow + end tracking of +TIPs. 
(a) diagram of experimental setup. Dynamic microtubules were grown in the presence of free Alexa 568-
labelled tubulin and fluorescently labelled +TIPs from short stabilized microtubule seeds attached to a 
PEG-passivated glass surface by means of biotin-neutravidin links. Bright microtubule seeds, dim (non-
biotinylated) microtubules extending from the seeds, and +TIPs were observed by TIRF microscopy in the 
evanescent field close to the glass surface. b, Overlaid TIRF images of Mal3–Alexa 488 (green) and 
dynamic Alexa 568-labelled microtubules (red) (left), and for comparison the image of Mal3–Alexa 488 
alone (right).  
Besides the recognition of specific plus-end structures, the second proposed mechanism for 
plus-end binding is co-polymerization with tubulin, followed by gradual release from the 
older microtubule lattice (Fig. 1.9). This is supported by the finding that some +TIPS (such as 
mammalian CLIPs) can bind to tubulin dimers and oligomers in vitro (Diamantopoulos et al., 
1999; Arnal et al., 2004; Folker et al., 2005), but rapid imaging of protein turnover should still 
be used to confirm this hypothesis. 
Interestingly, both proposed mechanisms for plus-end binding imply that the +TIPs do not 
translocate through the cytoplasm with the plus end, but instead bind and release at the same 
point in space (Perez et al., 1999). Therefore, the fluorescent +TIP comet that appears to 
follow the plus end is an optical illusion caused by the +TIPs constantly hopping on and off 
the end as the microtubule tip passes by. 
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Most +TIPs show a weak affinity for microtubules and it is possible that they arrive at the tip 
by one-dimensional diffusion along the microtubule track. Alternatively, plus-end directed 
motor proteins can actively transport +TIP proteins, as was already shown in yeast where the 
CLIP homologues Bik1 and Tip1 are moved to the plus ends by the Kip2 and Tea2 kinesins 
respectively (Busch et al., 2004; Carvalho et al., 2004). This could be reconstituted in the in 
vitro system of Bieling et al. (2007). 
The last mechanism for plus-end tracking is known as hitchhiking. In this case, the +TIPs 
bind the microtubule indirectly by associating with other +TIPs (Carvalho et al., 2003).   
Plus-end binding proteins in plants 
The Arabidopsis genome contains several +TIP homologues such as EB1, CLASP and LIS1 
(Bisgrove et al., 2004; Chuong et al., 2004), but surprisingly many common +TIPs appear to 
be missing, for example CLIP170, cytoplasmic dynein, and dynactin (p150Glued). On the 
other hand, plant-specific +TIPs have been reported such as SPR1 (Nakajima et al., 2004; 
Sedbrook et al., 2004) and ATK5 (Ambrose et al., 2005). In this section, we will discuss the 
plant +TIPs in more detail. 
 
EB1 
In Arabidopsis, 3 homologues of the highly conserved +TIP EB1 are found, namely AtEB1a, 
AtEB1b and AtEB1c. All three EB1 proteins contain a conserved N-terminal calponin 
homology domain (CH) required for MT binding, and a conserved coiled-coil domain, 
predicted to be involved in protein-protein interaction (Bu and Su, 2003). Both AtEB1a and 
AtEB1b were shown to accumulate at the microtubule plus ends in the typical comet-like 
fashion (Mathur et al., 2003; Chan, 2004; Van Damme et al., 2004a). However, both of these 
proteins also localized to additional sites. AtEB1a-GFP is found at the slower-growing minus 
ends of cortical MTs, where it seems to mark MT nucleation sites at the cortical microtubules 
(Chan, 2004). However it is not clear yet whether EB1a anchors minus-ends at these 
nucleation sites, or serves as an EB1 reservoir for binding the plus ends of recently nucleated 
MTs. In addition to localizing to MTs, GFP-AtEB1b labels internal membranes, including 
endoplasmatic reticulum and membranes surrounding chloroplasts, mitochondria and nuclei 
(Mathur et al., 2003). When AtEB1a and AtEB1b-GFP were expressed under their 
endogenous promoter, only + end localization was detected (Chan et al., 2005; Dixit et al., 
2006), but when overexpressed in tobacco BY-2 cells, these proteins labeled the whole lattice 
of the microtubule (Mathur et al., 2003; Van Damme et al., 2004a). During cell division, all 
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three EB1 proteins associated with the mitotic MT structures, but during interphase, AtEB1c 
was found to localize to the nucleus and not to the cortical microtubules (Van Damme et al., 
2004a; Bisgrove et al., 2008). Not much is known yet about the function of EB1 proteins in 
plants, but recently it was published that T-DNA mutants with reduced expression of EB1 
genes have roots that deviate toward the left on vertical or inclined plates (Bisgrove et al., 
2008). These mutant roots also exhibit extended horizontal growth before they bend 
downward after tracking around an obstacle or after a 90° clockwise reorientation of the root, 
suggesting that the EB1 mutants show reduced gravitropism. To conclude, until now EB1 
genes are thought to be involved in root responses to touch and gravity signals, but further 
analysis will be needed to investigate the role of the EB1 proteins at the microtubular arrays 
during cell division. 
 
SPR1 
The SPR1 (Spiral1) gene is part of a plant-specific +TIP family (Nakajima et al., 2004; 
Sedbrook et al., 2004). The Arabidopsis genome contains six SPR1 homologues with 
different expression patterns (Nakajima et al., 2006) and since the Spiral mutant phenotype 
can be complemented by any of these SPR1 homologues, it is suggested that these genes have 
similar functions (Nakajima et al., 2006). SPR1 localized both at MT plus ends and along the 
MTs (Nakajima et al., 2004; Sedbrook et al., 2004), but the localization at the plus ends was 
detected only in a limited number of cells. Further studies are therefore needed to understand 
what factors influence the SPR1 localization. Because recombinant SPR1 protein could not 
bind MTs directly (Nakajima et al., 2004; Sedbrook et al., 2004), it is proposed that the 
localization of SPR1 will require binding to other MAPs, using the hitchhiking mechanism. A 
candidate binding partner is the EB1 protein (Kaloriti et al., 2007), but experimental evidence 
is still lacking.  
The spr1 mutant was identified in screens for Arabidopsis root directional cell expansion 
mutants, and spr1 showed abnormal arrangement of cortical microtubules (Furutani et al., 
2000). Since SPR1 co-localizes with cortical microtubules, and the SPR1 expression level 
increases in rapidly expanding cells (Nakajima et al., 2004), it is suggested that SPR1 
regulates the cortical microtubules and subsequently the direction of cell expansion (Nakajima 
et al., 2004; Ishida et al., 2007). 
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CLASP 
In yeast and human cells, CLIP-associated proteins, or CLASPs, bind both CLIP (cytoplasmic 
linker protein) and MTs. These CLASP proteins colocalize with CLIPs at the MT plus ends, 
where they stabilize the microtubules (Akhmanova et al., 2001). CLASPs are also involved in 
linking spindle MTs to kinetochores, and they promote polarized growth at the leading edge 
of migrating fibroblasts (Akhmanova et al., 2001; Maiato et al., 2003).  
Curiously, plants seem to lack CLIP homologues, while they do contain CLASPs. However, 
the mammalian CLIP-170 is still able to track MT ends when expressed in plant cells, which 
suggests that the pathway that regulates the binding of CLIP-170 to MTs is still conserved in 
plants (Dhonukshe and Gadella, 2003). Recently the Arabidopsis CLASP homologue was 
identified as a microtubule-associated protein, that localized along the full length of 
microtubules and was enriched at the plus ends (Ambrose et al., 2007; Kirik et al., 2007). 
Upon co-localization with AtEB1b, it was shown that AtCLASP localizes behind EB1b at the 
microtubule tip (Figure 1.12).  
Overexpression of CLASP resulted in abnormal cortical microtubule binding and array 
organization (Kirik et al., 2007) and the cortical bundles were more resistant to 
depolymerization drugs (Ambrose et al., 2007). CLASP mutants are hyper-sensitive to 
microtubule destabilizing drugs and have more sparse but still well ordered root cortical 
microtubule arrays, which also results in defects in directional cell expansion. Additionally, 
Figure 1.12. Enrichment of YFP:AtCLASP at the MT plus end (Kirik et al., 2007). (A) Time-lapse 
analysis of the cortex of a hypocotyl cell expressing CFP:EB1b and YFP:AtCLASP proteins, both 
expressed from the 35S promoter. Both proteins show localization to the growing ends of cortical MTs 
(arrowheads). (B) The relative position of EB1 and CLASP was determined by plotting the normalized 
fluorescence intensity (NFI) along the MT ends in a 5-pixel-wide lane. Normalized fluorescent intensity 
(NFI) of CFP:EB1 is in red and YFP:AtCLASP in green. The graph shows the mean values of 12 
measurements. The measured difference in peak maxima position is significant by Student's t-test, 
P<0.001. A magnified image of representative MT end is shown below. Scale bar: 2 µm. 
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clasp-1 mutants show aberrant microtubule preprophase bands, mitotic spindles, and 
phragmoplasts, suggesting a role for CLASP in stabilizing mitotic arrays (Ambrose et al., 
2007). To conclude, the CLASP protein is a new plant +TIP involved in the regulation of MT 
plus-end dynamics and stabilization, that functions both in cell division and cell expansion. 
Regulation of +TIPs by phosphorylation 
Differential regulation of +TIP association can give individual microtubules a specific 
identity, either by intramolecular interactions, regional post-translational modifications or 
motor-based loading (Liakopoulos et al., 2003). This allows cells to generate different classes 
of microtubules for different cell processes, such as cell division, polarity and differentiation 
(Akhmanova and Steinmetz, 2008). A possible mechanism for this regulation is 
phosphorylation. In this section, we will briefly discuss the effect of phosphorylation on 
+TIPs. 
Many +TIPs from different organisms can bind to microtubules through their positively 
charged basic and Ser-rich regions, whereas microtubules are negatively charged. 
Phosphorylation of +TIPs in these regions will therefore influence their charge and reduce 
their affinity for microtubules. An example of this in human cells is the inhibition of MT 
binding of APC and CLASPs by their phosphorylation by glycogen synthase kinase-3β 
(Zumbrunn et al., 2001; Wittmann and Waterman-Storer, 2005). The kinases mTOR and 
protein kinase A can regulate the microtubule-binding activities of respectively CLIP170 and 
p150glued (Choi et al., 2002; Vaughan et al., 2002).  
Since microtubule dynamics undergo profound changes during cell division, it is expected 
that many +TIPs might be substrates of mitotic kinases (Niethammer et al., 2007), such as the 
cyclin-dependent kinases (CDKs) and the AURORA kinases. Cdk1 is known to regulate the 
Kar9 kinesin during spindle positioning in budding yeast (Liakopoulos et al., 2003; Maekawa 
et al., 2003; Moore and Miller, 2007). In plants, the localization of CDKA to the cytoskeleton 
has been demonstrated (Stals et al., 1997; Weingartner et al., 2001), and a few cytoskeletal 
CDKA substrates have already been uncovered such as the KCA kinesin (Vanstraelen et al., 
2004) and MAP65 (see above), but further analysis will be needed to investigate whether 
interactions occur between CDKA and plant +TIPs.  
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The role of Aurora kinase complexes in cytoskeleton regulation and 
cytokinesis 
Not only the cyclin-dependent kinases, but also the AURORA kinases have important 
functions in the control of different microtubular arrays. These Ser/Thr AURORA kinases are 
conserved from yeast to human cells. In vertebrates, there are three types of AURORA 
kinases (A, B and C) with different functions and expression patterns (Carmena and 
Earnshaw, 2003). The A and B types are also found in Drosophila, where the scattered 
spindle phenotype of the Drosophila AURORA mutant reminded the authors of the Aurora 
borealis or Northern Lights. As a result, the family of Ser/Thr kinases was called “Aurora” 
(Glover et al., 1995). Yeast cells contain only one Aurora homolog, called Ipl1 (Francisco and 
Chan, 1994; Westermann et al., 2007). The Aurora A kinases are involved in centrosome 
maturation and separation, and they also play a role in spindle assembly and stability. The 
Aurora B kinases are components of the chromosomal passenger complexes (CPC). The term 
“chromosomal passenger” derives from an early theory that chromosomal passenger proteins 
are important for cytokinesis, and "ride" on the chromosomes to reach the centre of the cell at 
metaphase, in the plane of the future cleavage furrow (Earnshaw and Bernat, 1991). The 
Aurora complexes are chromosomal early in mitosis, but transfer to the cytokinetic apparatus 
(midbody) during anaphase. Chromosomal passenger complexes coordinate different steps 
during chromosome-microtubule interactions, sister chromatid cohesion and cytokinesis 
(Carmena and Earnshaw, 2003; Ruchaud et al., 2007). In most organisms, Aurora B 
associates with three non-enzymatic subunits, INCENP, Survivin and Borealin to form the 
CPC (Honda et al., 2003; Klein et al., 2006). These subunits are responsible for the targeting, 
enzymatic activity and stability of Aurora B (Lens et al., 2006). An overview of the 
interactions between the different components of the CPC is depicted in Figure 1.13.  
The three CPC subunits INCENP, Survivin, and Borealin are all subject to phosphorylation 
by Aurora B (Figure 1.13) (for review see Vader et al., 2006). INCENP phosphorylation 
induces a conformational change in Aurora B, resulting in full activation of Aurora B (Sessa 
et al., 2005). This phosphorylation is essential for in vitro functionality of Aurora B (Honda et 
al., 2003; Sessa et al., 2005). Survivin is phosphorylated on threonine-117 by Aurora B in 
vitro (Wheatley et al., 2004), and this phosphorylation is involved in regulating the 
localization of the CPC complex. The COOH terminus of Borealin is phosphorylated by 
Aurora B, but the functionality of this phosphorylation is still unknown (Gassmann et al., 
2004). Further research is ongoing to understand the effect of these phosphorylations on CPC 
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localization and dynamics. Additionally, the question whether INCENP, Survivin, and 
Borealin also influence substrate specificity and recognition of Aurora B is of high interest. 
Figure 1.13 Interactions within the CPC (Vader et al., 2006). Schematic representation of direct 
interactions between CPC proteins and phosphorylations of Aurora B within the CPC. Survivin and 
Borealin interact with the NH2 terminus of INCENP, whereas Aurora B binds the COOH-terminal IN-
box in INCENP. Mapped Aurora B phosphorylation sites are indicated. 
The CPC complex is tightly involved in the successful execution of cytokinesis. INCENP 
concentrates very early at the cleavage furrow and associates with the plasma membrane of 
the contracting furrow (Eckley et al., 1997). Although the components of the Aurora 
complexes are not required for the initiation of furrow formation (Mackay et al., 1998), 
cytokinesis cannot be completed without them (Schumacher et al., 1998; Tatsuka et al., 1998). 
The rapid transport of the CPC components during anaphase requires microtubule-associated 
motor proteins such as the kinesin MKLP2 (Gruneberg et al., 2004). In C. elegans Aurora B is 
needed to bring the kinesin MKLP1 homologue ZEN-4 to the spindle midzone (Severson et 
al., 2000) and when Aurora B is knocked down, this resulted in cytokinesis defects (Severson 
et al., 2000; Gruneberg et al., 2004).  
The MKLP1/ZEN-4 kinesin associates with another important factor for cytokinesis: Rac-
GTPase activating protein-1 (MgRacGAP/CYK-4), together this complex is termed 
“centralspindlin” (Mishima et al., 2002). This CYK-4 component has to be phosphorylated by 
Aurora to be able to complete cytokinesis (Minoshima et al., 2003). Other Aurora B 
substrates are Vimentin (required for cleavage furrow formation) (Goto et al., 2003; Yasui et 
al., 2004) and EVI5 (Faitar et al., 2006). 
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Aurora B functions not only as a positive regulator of cytokinesis, but also controls negatively 
the NoCut pathway. This pathway is a safety mechanism ensuring that cytokinesis will only 
occur when the separating DNA has already left the midzone region (Norden et al., 2006). 
In Arabidopsis, three Aurora homologues were identified and named AUR1, AUR2 and 
AUR3 (Demidov et al., 2005; Kawabe et al., 2005). Plant Aurora’s are highly upregulated in 
mitotic and meiotic tissues. The localization of AUR1 and AUR2 is quite similar. During 
mitosis the AUR1- and AUR2-GFP fusions associate with the spindle and the growing cell 
plate. AUR3 shows a different localization pattern, since it associates with the condensed 
chromosomes during metaphase and follows the kinetochore separation during anaphase. The 
functions of the Aurora kinases in plants have not been uncovered yet, but by inhibiting 
Aurora with Hesperadin in BY-2 cells, it has been shown that the plant Aurora’s may have a 
role in chromosome segregation and metaphase/anaphase transition (Kurihara et al., 2006). 
Because of their cell plate localization, AUR1 and 2 probably also play a role in plant 
cytokinesis. Apart from the mitotic phosphorylation of Histone H3 by plant Aurora’s 
(Demidov et al., 2005; Kawabe et al., 2005; Houben et al., 2007), no other substrates of plant 
Aurora’s have been discovered yet. Therefore, it was of interest to investigate whether plant 
Aurora’s are involved in the regulation of microtubule-associated proteins in plants. In 
vertebrates, several examples of Aurora phosphorylation of MAPs have been described, for 
example the mitotic Aurora B kinase has been shown to regulate both the localization and 
function of MCAK (Mitotic Centromere associated Kinesin) during mitosis in vertebrates 
(Zhang et al., 2007).  
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Conclusions and perspectives 
In recent years, the knowledge on plant microtubule-associated-proteins has significantly 
increased, which has already shed some light on how MAPs interact with microtubules and 
how they organize the different plant cytoskeletal arrays. Interestingly, some classes of MAPs 
from protists and metazoans are completely absent in plants, such as the 
CLIP/dynein/dynactin complex, where others are conserved, like the EB1 +TIPs. 
Additionally, plant-specific MAPs such as SPR1 and ATK5 have been described, and these 
proteins are probably involved in the organization of plant-specific cytoskeletal arrays. 
Compared to other systems, the knowledge of MAPs and their regulating partners in plants is 
still limited, therefore further identification of plant MAPs will be required by biochemical 
analysis, GFP-fusion strategies or cloning of cytoskeletal mutants. This will also be integrated 
with the study of kinases that associate with the cytoskeleton, such as the Aurora kinases. 
However, it is already clear that the next level of cytoskeleton research will be aiming 
towards an integrated view on the interactions between different MAPs. Recent advances in 
yeast have shown the high interdependence of +TIPs. These studies suggest that the 
architecture of +TIP networks does not consist of compact and stable macromolecular 
complexes, but rather behaves as a dynamic glue- or matrix-like meshwork that is held 
together by selective and transient interactions, constantly dissociating and reforming. This 
type of information is still lacking from more complex systems. Future analysis of plant MAP 
interactions will be essential to create a systems-biological view on how microtubules 
function in core processes such as plant cell division, elongation and interactions with the 
environment.  
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On the cover: time lapse series of dividing BY-2 cells transformed with RFP-TUA6 to label 
the microtubule cytoskeleton. The localization of GFP-At3g11100, an unknown AUR1 
binding partner, is shown during cell division. 
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Chapter 2: Identification of plant cytoskeleton protein 
complexes in dividing cells 
Silvie Coutuer, Geert Persiau, Erwin Witters, Geert De Jaeger, Eugenia Russinova, Dirk Inzé 
and Danny Geelen 
Abstract 
Key to understanding the organization of the plant cytoskeleton during the cell cycle, is the 
identification of proteins that regulate spatial and dynamic properties of microtubules. A 
number of microtubule-associated proteins (MAPs) have already been uncovered by a 
combination of mutant analysis and biochemical isolation, and various results indicate that 
their activity is controlled by phosphorylation. Examples are the members of MAP65 family, 
the XMAP215 homologue MOR1, katanin, kinesin motor proteins and EB1. However, these 
proteins do not act alone but usually bind each other to exert their functions in controlling 
nucleation, (de)stabilization, cross-linking or anchoring of the cytoskeleton during mitosis. 
To resolve many important questions regarding the regulation of the MAPs, it is necessary to 
identify their protein complexes. Several cytoskeleton proteins were selected for interaction 
screens, including AURORA1 (AUR1), EB1, MAP65, TPLATE, FORMIN5 and TIP1. These 
proteins were used as baits in yeast two-hybrid library screens, and some of their interaction 
partners have been examined by GFP-localization. As a complementary approach, Tandem 
Affinity Purification was used to purify the AUR1 complex.  
In this chapter, the interaction partners of AURORA1 will be presented and discussed in 
relation to cytoskeleton function and cytokinesis. The EB1a and EB1c interaction partners 
will be described in Chapter 5. 
Since the list of resulting interacting proteins contained mostly unknown proteins, we 
validated the interaction data of AUR1 by fusing the interacting candidates to GFP. Because 
AUR1 localizes to the spindle and cell plate, we looked for interacting proteins associating 
with the cytoskeleton during cell division. Four proteins localized at the cell plate and could 
thereby interact with AUR1 during cytokinesis. One of these candidates, the unknown AUR1 
interacting protein At2g16900 was selected for further characterization in chapters 3 and 4. 
Our data show that combining yeast two-hybrid, GFP-localization and TAP technology was a 
powerful strategy to identify novel binding partners of AUR1 in plants. 
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Introduction 
In all cell types, the progression of cell division is strictly regulated by complex “molecular 
machines”, groups of interacting proteins that work together to integrate cell division 
successfully in growth and development of an organism. An important difference between 
plant and animal cells is that the position of the new daughter cell is immobile after cell 
division, hence the importance of correct cell plate positioning in plants. This is determined 
by two plant specific cytoskeletal structures, the preprophaseband and the phragmoplast who 
are responsible for the correct positioning and construction of a new cell wall. 
The cytoskeleton is made of different types of polymers: microtubules, consisting of tubulin 
subunits, and actin filaments, originating from the polymerization of actin monomers. The 
dynamics of the cytoskeleton are tightly regulated by tubulin- and actin-binding proteins that 
stabilize or destabilize the cytoskeleton. The assembly and disassembly of microtubules is of 
great importance for different cellular processes, such as the maintenance or establishment of 
cell morphology and polarity, cell division, and intracellular trafficking (Desai and Mitchison, 
1997; Vega and Solomon, 1997). 
Several types of proteins regulate the dynamics and organization of the cytoskeleton and their 
functions involve the promotion of stabilization, polymerization or depolymerization of 
microtubules, cross-linking of adjacent microtubules, association with motor protein 
complexes, and targeting microtubule ends to specific sites of the cell cortex or other 
subcellular regions.  
In plants, microtubule-associated proteins have been discovered by biochemical purification 
of microtubules, mutant isolation and homology to MAPs from animals or fungi (Lloyd and 
Hussey, 2001; Hussey et al., 2002). A good example is the XMAP215 family MAP (Ohkura 
et al., 2001) that has been identified as a mutation in the MOR1 gene (Whittington et al., 
2001). Interestingly, at restrictive temperatures, the mor1 alleles show fragmentation and 
disorganization of cortical microtubules, whereas at permissive temperatures the microtubules 
look normal. During cytokinesis, MOR1/GEM1 also has a specific role in the phragmoplast 
(Twell et al., 2002).  
The regulatory cytoskeleton-associated proteins themselves also need to be controlled, and 
one possible mechanism for this is phosphorylation. In animal cells, the MAP4 (microtubule 
associated protein 4) is phosphorylated during mitosis by the checkpoint cdc2 kinase 
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complex, which lowers the microtubule stabilizing activity of MAP4 during mitosis (Ookata 
et al., 1995; Ookata et al., 1997). 
MAP4 has no homologues in plants, but phosphorylation and dephosphorylation also 
influence the organization and stability of the cytoskeleton. When root cells were treated with 
both phosphatase and kinase inhibitors, the cortical microtubules became considerably 
disorganized, demonstrating that protein phosphorylation and dephosphorylation are 
important for the control of cortical microtubule arrays (Baskin and Wilson, 1997). The 
importance of phosphorylation in the control of the cortical microtubules was also shown in 
the phs1 (propyzamide-sensitive) mutant. Phs1 was isolated in a screen for plants that were 
more sensitive to the microtubule-destabilizing drug propyzamide, and the corresponding 
gene encoded for a mitogen-activated protein kinase (MAPK) phosphatase (Naoi and 
Hashimoto, 2004). The disorganized cortical microtubules suggested that this phosphatase is 
involved in phosphorylation cascades that control the dynamics of the cortical array. Rapid 
rearrangements of the cytoskeleton during cell division have to be regulated precisely at 
different checkpoints. These transitions are probably also regulated by phosphorylation of 
cytoskeleton-associated proteins. In the presence of roscovitin, a specific CDKA kinase 
inhibitor, abnormal spindles are formed, and the progression of cell division is blocked 
(Binarova et al., 1998). Overexpression of a non-degradable cyclin B results in higher CDK 
activity at the end of mitosis, which disturbs the phragmoplast formation (Weingartner et al., 
2004). The targets of the responsible kinases, such as CDKA, have remained mostly 
unknown, but several candidates are under investigation: MAP65 proteins, the XMAP215 
homologue MOR1, katanine, kinesins and EB1 (Wasteneys, 2002; Chan et al., 2003). 
Recently, it has been shown that AtMAP65-1 is hyperphosphorylated during prometaphase 
and metaphase and that CDK and MAPK are involved in this phosphorylation (Mao et al., 
2005; Smertenko et al., 2006).  
From yeast to human, the AURORA family of mitotic kinases, is known to be important for 
the regulation of the cytoskeleton during cell division (for review see Carmena and Earnshaw, 
2003; Ruchaud et al., 2007). The human Aurora A kinases are involved in centrosome 
maturation and separation, and they also play a role in spindle assembly and stability. The 
Aurora B kinases are components of the chromosomal passenger complexes (CPC) and they 
coordinate different processes during chromosome-microtubule interactions, sister chromatid 
cohesion and cytokinesis (Carmena and Earnshaw, 2003; Ruchaud et al., 2007). In 
Arabidopsis, three orthologues of the Aurora kinases have been described (Demidov et al., 
2005; Kawabe et al., 2005). AUR1 and AUR2 localized to the spindle and the cell plate 
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during cytokinesis, whereas AUR3 was associating with the chromosomes in dividing BY-2 
cells (Demidov et al., 2005; Kawabe et al., 2005).  
Previous research of Van Damme et al. (2004) identified a collection of proteins associated 
with the cytoskeleton or the cell plate, including three EB1 family members, six MAP65 
proteins, three Aurora kinases, TPLATE, formin, and TIP1. Because these proteins are 
important for the regulation of the cytoskeleton dynamics, we sought to identify their 
interaction partners. In this Chapter we describe the identification of AUR1 interaction 
partners using yeast two-hybrid library screening and Tandem Affinity Purification. GFP-
localization analysis of the putative AUR1 candidate binding proteins has resulted in the 
identification of the unknown protein ARC1 as the most promising candidate for further 
analysis (in Chapters 3 and 4). 
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Results 
Yeast two-hybrid screens 
Previously, 74 Arabidopsis proteins were identified and localized as GFP-fusions because of 
their possible role in cell division and cytokinesis (Van Damme et al., 2004). Around 30 of 
these proteins showed cytoskeleton-associated localization patterns. In order to study 
cytoskeleton complexes in dividing plant cells, seven of these proteins were selected as bait 
proteins for further identification of binding partners in yeast two-hybrid screens (Table 2.1).  
Table 2.1: Overview of proteins that were selected for yeast two-hybrid screens based on their localization 
patterns during mitosis.  
 
 
 
 
 
 
 
The bait proteins were tested for auto-activation (data not shown). AtMAP65-3 was excluded 
because of strong auto-activation and the remaining proteins TPLATE, FORMIN5, TIP1, 
EB1c, EB1a and AURORA1 (AUR1) were retained for yeast two-hybrid library screens. The 
selected proteins were fused to the GAL4 DNA binding domain to screen a yeast two-hybrid 
cDNA expression library, encoding Arabidopsis proteins fused to the GAL4 transcription 
activation domain. Yeast colonies expressing putative interacting proteins were selected on 
the basis of Histidine (His) prototrophy. Some of the screens were repeated several times 
(Table 2.1). The resulting interacting proteins of TPLATE (Table S2.1), FORMIN5 (Table 
S2.2), TIP1 (Table S2.3) and AUR1 (Table S2.4) are listed in Supplemental Material. The 
binding proteins of EB1a and EB1c will be discussed separately in Chapter 5. Because in 
human cells, AURORA kinases have been described to be essential for cell division, and 
because they tightly interact with several binding partners to perform their functions, we 
further focused on the identification of AUR1 binding partners in plants. The confirmation of 
the yeast two-hybrid results from the other screens is not included in the scope of this thesis. 
Bait-protein MIPS-code GFP-Localization during mitosis Number of yeast two-
hybrid screens 
EB1a At3g47690 Spindle, phragmoplast 3 
EB1c At5g67270 Spindle, phragmoplast 4 
AtMAP65-3 At5g51600 Spindle, phragmoplast midzone auto-activation 
Aurora1 At4g32830 Spindle, cell plate 1 
Formin5 At5g54650 Cell plate 1 
Tip1 At3g10220 Phragmoplast 1 
TPLATE At3g01780 Cell plate 2 
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Localization of AUR1 interacting proteins 
As shown in Supplemental Table S2.4, many of the identified AUR1 interacting proteins were 
unknown, and no cytoskeletal proteins could be detected. Therefore we assessed the 
probability of interaction with AUR1 by performing localization assays. This allowed us to 
check whether the interacting proteins are present in the same cell compartment as AUR1. For 
the high-throughput localization analysis of all putative AUR1 interacting proteins, N-
terminal GFP fusions were generated with the cDNA clones recovered from the yeast two-
hybrid screen. The respective GFP-fusions were stably expressed in BY-2 cells under the 
constitutive 35S promoter and their localization was examined in dividing cells. Although not 
all N-terminal fusions contained the full-length cDNAs, we assumed that if the proteins 
contain enough sequence information to interact with AUR1, they might also localize 
correctly in the cell. However, when the proteins were annotated as plasma membrane or 
contained an ER localization signal, the full-length cDNAs were cloned and C-terminally 
fused to GFP. Not all interacting proteins were localized, due to unsuccessful cloning, failed 
transformation to BY-2 or the inability to recover fluorescent calli (possibly caused by 
silencing upon overexpression). Images were taken during interphase, metaphase and 
cytokinesis and the results of this GFP-localization screen are described in Table 2.2 and 
Figure 2.1.  
Depending on their localization pattern during interphase, all AUR1 interacting proteins were 
classified into the following broad classes: (1) nuclear (both homogeneous labeling and 
association with subnuclear structures such as “speckles”, Figure 2.1A-T), (2) cytoplasmic 
(only cytoplasm, excluded from the nucleus, Figure 2.1U-W), (3) membrane and 
endoplasmatic reticulum (ER, Figure 2.1A’-L’), (4) localization in both nucleus and 
cytoplasm (Figure 2.1X-Z) and (5) vesicles (probably including chloroplasts, mitochondria, 
peroxisomes, Figure 2.1M’-O’). The proteins that did not fall in any category are grouped 
separately (6, Figure 2.1P’-V’). 
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Figure 2.1 Localization of AUR1 interacting proteins in tobacco BY-2 cells, classified according to 
interphase localization. Images were taken during interphase, metaphase and cytokinesis.  
(1) nucleus: At4g00270 (A-B-C), At4g17060 (D-E-F), At4g2510 (G-H), At5g56140 (I-J-K), 
At3g04930 (L-M-N), At3g11100 (O-P-Q) and At1g70180 (R-S-T).  
(2)  cytoplasm: At1g56200 (U-V-W).  
(3) membrane: At2g14900 (A’-B’-C’), At3g27400 (D’-E’-F’), At1g45976 (G’-H’-I’) and At4g35580 
(J’-K’-L’).  
(4) nucleus and cytoplasm: At3g15530 (X-Y-Z).  
(5) vesicles: At4g28300 (M’), At4g03420 (N’) and At4g27652 (O’).  
(6) other: At3g21070 unknown organel (P’-Q’), At5g05970 multinucleated cells (R’-S’) and 
At2g16900 at the membrane (T’), kinetochores (U’) and cell plate (V’). TUA6-RFP is labeled in red. 
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Table 2.2 GFP-localization screen of AUR1 interacting proteins. The proteins are grouped in broad phenotypic classes according to their localization during 
interphase.  
MIPS-code Description GFP-fusion Localization 
   Interphase Metaphase Cytokinesis 
At4g00270 DNA-binding storekeeper protein-related N-terminal nuclear spots, centromeres? no fluo nuclear spots 
At5g56140 KH domain-containing protein N-terminal nucleus cytoplasm cytoplasm 
At1g70180 sterile alpha motif domain-containing protein N-terminal nucleus Small spots Nuclear speckles 
At4g25210 Expressed protein, ATPbinding N-terminal nucleus no picture nuclear speckles 
At3g04930 Expressed protein, NLS-BP N-terminal nucleus, nucleolar speckles midzone spots new nuclei 
At3g11100 Expressed protein, similar to NtSIP1 N-terminal nucleus, nucleolar speckles midzone spots new nuclei 
At4g17060 Expressed protein, integrin N-terminal nucleus, nucleolar speckles midzone spots new nuclei 
At1g56200 Expressed protein, embryo defective N-terminal cytoplasm cytoplasm cytoplasm 
At2g14900 gibberellin-regulated family protein  C-terminal membrane + nucleus spot Membrane cell plate 
At1g45976 Expressed protein SBP1   N-terminal membrane and spots few spots few spots 
At3g27400 polysaccharide lyase family 1  C-terminal membrane/ER cytoplasm cell plate! 
At4g35580 NAM/CUC2-related family protein N-terminal membrane/ER membrane cell plate! 
At3g15530 Expressed protein N-terminal cytoplasm + nucleus cytoplasm cytoplasm 
At3g17300 Expressed protein N-terminal cytoplasm + nucleus cytoplasm cytoplasm 
At3g27400 polysaccharide lyase  1 (pectate lyase) N-terminal cytoplasm + nucleus cytoplasm cytoplasm 
At5g13780 GCN5-related N-acetyltransferase, putative N-terminal cytoplasm + nucleus cytoplasm cytoplasm 
At5g24170 Expressed protein N-terminal cytoplasm + nucleus cytoplasm cytoplasm 
At1g21860 pectinesterase putative  N-terminal cytoplasm + nucleus cytoplasm no picture 
At2g37110 Expressed protein, contains Pfam DUF614 N-terminal cytoplasm + nucleus cytoplasm no picture 
At2G23090 expressed protein homologous to histon deacetylase N-terminal cytoplasm + nucleus no picture no picture 
At4g03420 Expressed protein N-terminal Vesicles no picture no picture 
At4g27652 Expressed protein N-terminal Vesicles no picture no picture 
At4g28300 Prolin-rich protein family N-terminal Vesicles no picture no picture 
At5g05970 Transducin/WD40 N-terminal both nuclear and excluded  no picture no picture 
At2g16900 Expressed protein N-terminal membrane, cytoplasm not 
nucleus 
kinetochore cell plate 
At3g21070 ATP-NAD kinase family protein  C-terminal unknown organel no picture no picture 
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Similar to AUR1, four candidate interacting proteins associated with the cell plate during 
cytokinesis, At2g14900 (Figure 2.1C’), At3g27400 (Figure 2.1F’), At4g35580 (Figure 2.1L’) 
and At2g16900 (Figure 2.1V’). These proteins could therefore interact with AUR1 during 
cytokinesis and could be interesting for further analysis.  
The unknown protein At2g16900 not only localized at the cell plate, but also associated with 
the plasma membrane (Figure 2.1T’). During metaphase, a kinetochore-like pattern with 
double dots could be seen (Figure 2.1U’) and during cytokinesis, the protein translocated to 
the cell plate (Figure 2.1V’). Our yeast two-hybrid screen was focused on identifying new 
AUR1 interacting proteins, that preferably associated with the cytoskeleton during 
cytokinesis. The localization of At2g16900 fitted all these criteria and therefore we continued 
to further investigate the interaction between AUR1 and At2g16900, later called ARCTICA1 
(ARC1) (for a detailed description see Chapters 3 and 4). 
 
Tandem Affinity Purification (TAP) screen for AUR1 interacting proteins 
The TAP technology allows isolation of protein complexes under near physiological 
conditions from Arabidopsis suspension cells (Van Leene et al., 2007). We used the TAP 
purification technique, combined with Mass Spec-based protein identification to identify 
AUR1-interacting proteins. AUR1 was fused to the NTAPi tag (Van Leene et al, 2007) and 
Arabidopsis cell cultures were generated, expressing N-terminally TAP-tagged AUR1 
proteins under control of the 35S promoter.  The use of a strong promoter should enable the 
TAP-AUR fusions to integrate in higher amounts into the endogenous complexes. After 
confirmation that the NTAPi-AUR1 fusion was present via Western blot (data not shown), the 
TAP purification procedure was performed and the components of AUR1 complexes were 
identified by mass spectrometry, as listed in Table S2.5. The TAP purification of AUR1 
complexes was repeated three times. 
Amongst the TAP identified AUR1 interacting proteins were cytoskeleton-related proteins, 
such as the kinesin At1g59540 and tonneau 1a (At3g55000). AUR2 was found in the TAP list 
of AUR1 interacting proteins. Because we could not detect overlap between the yeast two-
hybrid and TAP data sets (except tubulin), further experiments such as GFP-localization 
studies will be needed to evaluate the TAP interaction candidates. 
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Discussion 
Identification of AUR1 interacting proteins 
Misregulation of Aurora kinase complexes results in severe cell division defects, thereby 
leading to polyploidization, missegregation of chromosomes and ultimately cancer in humans 
(Carmena and Earnshaw, 2003). Aurora-binding proteins have been identified in yeast, 
human, Drosophila and C. elegans (for review see Ruchaud et al., 2007). In plants however, 
not much is known yet about the function and the regulation of Aurora kinases. The 
localization of the three Arabidopsis Aurora’s has been described and the phosphorylation of 
Histone H3 has been demonstrated (Demidov et al., 2005). However, no information is 
available concerning other binding partners of the plant Aurora kinases. In this study we 
performed two different types of screens to identify Aurora kinase interacting proteins: yeast 
two-hybrid and Tandem Affinity Purification. 
Both yeast two-hybrid and Tandem Affinity Purification are methods to identify protein 
complexes, however there are several differences between these methods. While yeast two-
hybrid tests one-by-one interactions in a yeast nucleus, TAP can purify whole complexes 
(including indirect interactions) in the normal physiological conditions of a plant cell. When 
we compared our AUR1 TAP results with the yeast two-hybrid results, we could not detect 
overlap, except for tubulin proteins. In yeast, full-proteomic interaction screens have been 
performed using yeast two-hybrid and TAP-tagging (Uetz et al., 2000; Ito et al., 2001; Gavin 
et al., 2002; Ho et al., 2002). Cornell et al. (2004) compared the results of these full-proteome 
interaction methods in yeast and they found the largest overlap between the TAP and the Uetz 
Y2H datasets, where 21% of the interactions found by Y2H are confirmed using affinity 
purification. Contrastingly, less than 7% of the Y2H interactions in the Ito dataset were 
confirmed by the TAP. For many bait proteins, there was little or no overlap between the 
datasets. This was similar to our observations. It is possible that we were sampling only a 
small part of the interactome per screen. Another possible explanation is that there were too 
many background false positives with both techniques. Finally, it is probable that the stability 
of the interactions is also an important factor. Since some phosphorylation events are very 
transient, it will be more difficult to identify these with two-step purification. Alternatively, 
one-step purification or fixation with formaldehyde could be tested to identify binding 
partners of AURORA kinase. 
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The AUR1 TAP results (Table S2.5) included potential cytoskeletal binding partners such as 
At1g59540, a CENP-E kinesin upregulated during mitosis (Vanstraelen et al., 2006) whose 
human homolog is an important kinetochore checkpoint component, dependent of Aurora 
(Ditchfield et al., 2003). AUR2 was also identified as an interactor of AUR1, which was 
probable because they localized in a very similar way and could function in the same 
complexes. Recently it has been shown that in human cells, Aurora B and Aurora C share the 
same substrates, such as CENP-A and Borealin. Moreover, in the absence of Aurora B, 
Aurora C is sufficient for proper mitotic phosphorylation of CENP-A and centromeric 
localization of the CPC proteins (Slattery et al., 2008). Possibly plant AUR1 and AUR2 
function in the same complexes as well, as suggested by our TAP data. 
The Tonneau 1a protein (At3g55000) was reported to be involved in the architecture of 
cortical microtubules. Because this protein had a LisH motif that may contribute to the 
regulation of microtubule dynamics, it would be very interesting to determine the localization 
of At3g55000 during cell division. A useful complementary method to confirm the interaction 
between AUR1 and Tonneau1a would be the Bimolecular Fluorescence Complementation 
technique, because this would enable us to detect the precise subcellular of interaction (e.g. at 
the kinetochores checkpoint, or at the preprophase band). 
The yeast two-hybrid screen yielded a list of putative interacting proteins, including tubulin, 
which was expected because of the microtubule-binding properties of AUR1. Furthermore the 
yeast two-hybrid results contained a high amount of unknown proteins. Homology-based 
predictions of these unknown interacting proteins did not give enough information to assess 
the probability of their interaction with AUR1. Therefore we coupled our yeast two-hybrid 
screen with a GFP localization assay, which could help us to identify valid interacting 
proteins, preferably associated with the cytoskeleton. 
Cloning interacting cDNA’s into GFP-vectors in a high-throughput format was facilitated by 
the Gateway technology. One drawback to this approach was that the inserts recovered from 
the original cDNA library were not necessarily full-length or in frame. However, it was 
presumed that if the sequence information contained enough information to enable the protein 
to interact in yeast, it should also be sufficient to localize to the correct compartment. Fusing 
the interacting proteins to a GFP-tag may interfere with native targeting signals of some 
proteins, and the localization of some proteins may be perturbed by the tag or by the enhanced 
overexpression of the fusion protein with 35S. The overexpression of some GFP-fusions may 
even disturb the processes that normally involve this protein, an interesting example of this 
was the multinuclear phenotype we detected when overexpressing the unknown protein 
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At5g05970 (Figure 2.1). The multinuclear phenotype when overexpressing At5g05970 was 
very similar to what has been described when overexpression of Aurora A occurs in human 
cells (Fujita et al., 2004), or overexpression of AUR1 in BY-2 cells (Van Damme et al., 
2004).  
Four proteins identified in this chapter associated with the cell plate during cytokinesis, 
suggesting that they were possible binding partners of AUR1 during cytokinesis: At3g27400, 
At4g35580, At2g14900 and At2g16900. The unknown protein At2g16900 was not only found 
at the cell plate, but also showed GFP-localization at the plasma membrane and kinetochores. 
Therefore this protein, termed ARCTICA1, was selected as the most promising candidate for 
further studies (see Chapters 3 and 4). The characterization of the remaining candidates is not 
included in the scope of this thesis but will be valuable for further analysis. 
As a result, we conclude that the combination of yeast two-hybrid screening, localizing the 
GFP-interactor-fusions and TAP-purification, was a powerful strategy to identify new 
interacting proteins of AURORA1 during cell division. 
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Materials and Methods 
Yeast two-hybrid library screen 
To generate the “bait” vectors for the library screening, the selected ORF’s were reamplified 
to introduce a stopcodon and consequently transferred to pDONR221 entry clones using BP-
reactions (Invitrogen, Carlsbad, CA). Next, the inserts were transferred from Gateway entry 
clones to the pDEST32 vector using the Gateway LR recombination (Invitrogen, Carlsbad, 
CA). After transformation of E. coli, plasmids from eight colonies were analyzed by 
restriction digest with BamHI. The resulting “bait” vectors were then transformed into 
MaV203 yeast cells and subsequently tested for auto-activation. 
The transgenic yeast cells were used in a Proquest two-hybrid screen with a custom-made A. 
thaliana cDNA library (Invitrogen).  
For the TPLATE screen 2.712 x 106 transformants were screened for Histidine prototrophy. 
We isolated 228 colonies and selected 30 for DNA isolation and sequence analysis. The 
screen with formin yielded only 3.12 x 104 transformants with 11 positive yeast colonies. 
With the tip1 yeast-two-hybrid library screen 7.44 x 106 transformants were screened on 
medium without Histidine and 153 positive yeast colonies were retransferred and additionally 
tested for Uracil prototrophy. 35 out of 69 remaining yeast colonies were used for sequence 
identification. Using AUR1 as a bait, we screened 4.44 x 106 yeast colonies and identified 60 
different potentially interacting proteins of AUR1 by DNA prepping and sequencing. 
Construction of GFP- fusions 
The inserts of the obtained yeast-two-hybrid partners were transferred to pDONR221 with a 
Gateway BP reaction (Invitrogen). After E. coli transformation, eight colonies were selected 
for DNA prepping and restriction analysis with PvuII. The inserts of the correct entry clones 
were transferred to the plant Gateway 'destination vector' pK7WGF2 (Karimi et al., 2002) in 
order to create EGFP N-terminal fusions downstream of the strong constitutive 35S promoter. 
After E. coli transformation and DNA prepping, plasmids from 8 colonies were checked by 
EcoRV restriction digest. As a result the EGFP-fusions were transferred to the Agrobacterium 
tumefaciens strain LBA4404. 
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Cell suspension cultures and transformation 
Arabidopsis thaliana Col0 cells were grown at pH 5.8 in Murashige and Skoog (MS) medium 
containing 4.43g MS, 30g sucrose, 500µg NAA and 50µg kinetin per liter. The Arabidopsis 
cells were cultured at 25°C in the dark on a rotating platform at 150rpm. Nicotiana tabacum 
L. Bright Yellow-2 (BY-2) cells were grown in medium with 4.302g MS, 0.2g KH2PO4, 30g 
sucrose, 0.02mg 2,4-dichlorophenoxyacetic acid, 0.05mg thiamine and 5mg myo-inositol per 
liter (pH5.8). BY-2 cells were cultured under the same incubation conditions as Arabidopsis 
cells. 
The constructed EGFP-interactor fusions were transformed into BY-2 cells following the 
previously described protocol (Geelen and Inzé, 2001). The co-cultivation of BY-2 cells with 
the transformed Agrobacteria resulted in several transgenic BY-2 calli. Between 10 and 100 
BY-2 calli were transferred to fresh medium and inspected for GFP fluorescence with an 
epifluorescence microscope (Axioskop; Zeiss, Heidelberg, Germany). When no EGFP 
fluorescence could be detected, instability of the fusion protein, lack of expression due to 
silencing or counterselection were assumed (Joubès et al., 2003). The Arabidopsis cells were 
transformed according to Van Leene et al. (2007). After selection in liquid medium, Western 
blot analysis was performed to check whether the TAP-fusion was present with the expected 
size. 
Microscopy 
EGFP-positive calli were mixed with 150 ul of 1.5% low melting agarose and fixed with 
poly-L-lysine onto the bottom of a 1-well coverglass chamber (Lab-Tek, Naperville, IL). The 
cells were covered with 750 ul of fresh BY-2 medium to prevent drying out. Under these 
conditions, BY-2 cells carried on dividing and could be monitored overnight by confocal 
microscopy (Zeiss 100M). The confocal microscope was equipped with LSM510 software 
version 3.2. An argon ion laser generated 488-nm light for EGFP excitation. A 63X water 
corrected objective with a numerical aperture of 1.2 was used to scan the samples. The images 
were captured with the LSM510 image acquisition software version 3.2(Zeiss). Projections 
were obtained from approximately 30 serial optical sections, 0.5 µm apart to cover two-thirds 
of the cell depth. Images were exported as TIFF files and processed with Adobe Photoshop 
(Mountain View, CA).  
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Tandem Affinity Purification 
The Tandem Affinity purification procedure was performed according to Van Leene et al. 
(2007). In short, the AUR1 coding sequence was cloned by recombination into the NTAPi 
vector generating a Pro35S:TAP-AUR1 cassette. Arabidopsis cell suspension cultures were 
stably transformed by Agrobacterium-mediated co-cultivation. Transformed Arabidopsis cells 
were selected and transferred to liquid medium for upscaling. Expression levels of TAP-
tagged proteins were checked by protein blotting with an anti-CBP antibody (data not shown).  
Crude protein extracts were prepared from Arabidopsis cells in extraction buffer (Van Leene 
et al., 2007). After subsequent centrifugation steps (36,900 x g for 20 min and 178,000 x g for 
45 min at 4 °C), purification steps were carried out following the procedure from Van Leene 
et al. Hereby the extract was incubated with IgG-Sepharose 6 Fast Flow beads (GE 
Healthcare), washed with IgG wash buffer and tobacco (Nicotiana tabacum L.) etch virus 
(TEV) buffer, and released from the column by an AcTEV digest (2 x 100 units; Invitrogen). 
After washing with calmodulin binding buffer and adjusting the CaCl2 concentration of the 
IgG-eluted fraction, an incubation step with calmodulin-agarose beads (Stratagene, La Jolla, 
CA) was performed. The resulting bound complexes were eluted with calmodulin elution and 
precipitated with TCA (25%, v/v). The protein pellet was washed twice with ice-cold acetone 
containing 50 mM HCl, redissolved in sample buffer, and separated on 4–12% gradient 
NuPAGE gels (Invitrogen), followed by visualization with colloidal Coomassie Brilliant Blue 
staining. After proteolysis and peptide isolation, MALDI-tandem MS analysis (4700 
Proteomics Analyzer; Applied Biosystems) was used to identify peptide mass fingerprints 
(PMFs). The PMF and peptide sequence spectra were compared to the SNAPS database and 
the resulting protein homologues were identified. To increase the stringency of the dataset, 
contaminating proteins due to experimental background as determined by Van Leene et al. 
(2007) were systematically subtracted from the lists of co-purified proteins. Most 
contaminants are high abundant proteins such as chaperones, cytoskeleton proteins, ribosomal 
proteins, metabolic enzymes or protein translation factors. 
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Supplemental tables  
 
Table S2.1: Overview of TPLATE binding partners identified by yeast two-hybrid analysis 
 
Table S2.2: AtFH5 interacting proteins identified in the yeast two-hybrid screen 
 
 
 
 
 
 
 
 
 
 
Interacting proteins MIPS code 
AtRABA2a At1g09630 
DNA-binding protein-related At1g10590 
ADP-ribosylation factor AtARFA1f At1g10630  
curculin-like (mannose-binding) lectin family protein At1g78830 
zinkfinger protein At2g47890 
reversibly glycosylated polypeptide-1 (RGP1) At3g02230 
translationally controlled tumor family TCTP At3g16640  
Ras-related GTP-binding protein AtRABG3f At3g18820 
porin family protein At3g20000 
MD-2-related lipid recognition domain-containing protein At3g44100 
senescence-associated protein At3g48140 
expressed protein   At3g49720 
Osmotin At4g11650 
expressed protein At4g16100 
proline-rich family protein At4g19200 
peptidyl-prolyl cis-trans isomerase At4g38740 
yellow-leaf-specific protein 8 (YLS8) / mitosis  protein DIM1, putative  At5g08290 
expressed protein  At5g09570 
dicarboxylate/tricarboxylate carrier (DTC) At5g19760 
expressed protein similar to unknown protein At5g23040 
actin-depolymerizing factor 3 At5g59880 
actin-depolymerizing factor 4  At5g59890 
Interacting proteins MIPS code 
eukaryotic translation initiation factor At4g33250 
expressed protein At4g17486 
Expressed protein, mRNA splicing factor At3g05070 
class II heat shock protein At5g12020 
expressed protein, zinc finger At3g54360 
cysteine protease, endomembrane system At4g39090 
C3HC4- ringfinger At5g12310 
seven transmembrane MLO protein family, MLO3 At3g45290 
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Table S2.3: Overview of yeast two-hybrid TIP1 interacting proteins 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2.4 Overview of the putative AUR1 interacting proteins identified in the yeast two-hybrid screen 
Interaction partner MIPS code 
F-box protein family At1g11270 
Expressed protein At1g30880 
Expressed protein, endosomal sorting complex At2g36680  
Universal stress protein At3g03270 
Ethylene Responsive Binding Factor 4 At3g15210  
Unknown protein At5g11970 
plastocyanin-like domain containing protein At5g15350 
Pistillata MADS box transcription factor  At5g20240 
electron carrier/ protein disulfide oxidoreductase At5g42850  
Tubulin beta, TUB4 At5g44340  
Unknown protein At5g55270 
Interaction partner MIPS code 
ribose-phosphate pyrophosphokinase 3 At1g10700 
pectinesterase putative  At1g21860 
NAM protein family At1g33060 
expressed protein S-RIBONUCLEASE BINDING PROTEIN 1, SBP1   At1g45976 
ubiquitin-conjugating enzyme 20 (UBC20) At1g50490 
expressed protein At1g51730 
expressed protein, embryo defective At1g56200 
expressed protein At1g66080 
expressed protein, extensin2 domain At1g70180 
expressed protein At1g71260 
gibberellin-regulated family protein  At2g14900 
expressed protein At2g16900 
glycine-rich RNA-binding protein AtGRP7, bp164-516 At2g21660 
homeobox-leucine zipper protein ATHB-6 (HD-Zip) At2g22430 
expressed protein homologous to histon deacetylase At2g23090 
20S proteasome alpha subunit G (PAG1) (PRC8) At2g27020 
acetolactate synthase, putative At2g31810 
expressed protein, contains Pfam DUF614 At2g37110 
nonspecific LTP2 At2g38530 
Expressed protein, NLS-BP At3g04930 
expressed protein, similar to 6b-interacting protein 1 (NtSIP1) At3g11100 
2-cysperoxiredoxin BAS1 precursor At3g11630  
expressed protein At3g15530 
expressed protein  At3g17160 
expressed protein At3g17300 
ATP-NAD kinase family protein  At3g21070 
polysaccharide lyase family 1 (pectate lyase) At3g27400 
DNA-binding storekeeper protein-related At4g00270 
small nuclear ribonucleoprotein D1, putative At4g02840 
expressed protein At4g03420 
expressed protein, integrin At4g17060 
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expressed protein, ATPbinding At4g25210 
expressed protein At4g27652 
proline-rich protein family, extensin domain At4g28300 
NAM/CUC2-related family protein At4g35580 
transducin/WD40 At5g05970 
eukaryotic translation initiation factor At5g11900 
GCN5-related N-acetyltransferase, putative At5g13780 
protein kinase family protein  At5g14720 
expressed protein At5g18310 
TUA3 At5g19770 
expressed protein At5g24170 
Exonuclease At5g26940 
thioesterase family, chloroplast At5g48370 
AP2 domain-containing transcription factor, putative At5g51190 
KH domain-containing protein At5g56140 
zinc finger (C2H2 type) family protein ZAT12 At5g59820 
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Table S2.5 Interacting proteins of AUR1 after TAP purification from Arabidopsis suspension cells.  
* indicates that this protein was a possible false positive, as suggested by Van Leene et al. (2007). 
 
At number Protein name Number 
of 
screens 
Peptide 
Count 
Protein 
Score 
Best 
Ion 
Score 
At1g07920 elongation factor 1-alpha / EF-1-alpha* 1 6 100,00 100,00 
At1g33560 disease resistance protein (CC-NBS-LRR class), 
putative 
1 13 68,20  
At1g59540 kinesin motor protein-related 1 13 72,30  
At1g75370 SEC14 cytosolic factor, putative 1 13 69,10  
At1g77050 DEAD/DEAH box helicase, putative* 1 12 69,10  
At2g23060 GCN5-related N-acetyltransferase (GNAT) family 
protein 
1 11 64,90  
At2g25880 AtAUR2 1 7 100,00 100,00 
At2g34780 expressed protein 1 17 66,10  
At2g37500 arginine biosynthesis protein ArgJ family 1 11 69,10  
At2g39460  60S ribosomal protein L23A (RPL23aA or 
RPL23aB)* 
1 2 95,28 98,54 
At3g04120  glyceraldehyde-3-phosphate dehydrogenase, 
cytosolic (GAPC)*  
1 4 99,93 99,17 
At3g05590  60S ribosomal protein L18 (RPL18B or RPL18C)* 1 3 100,00 96,12 
At3g06230 mitogen-activated protein kinase kinase 
(MAPKK), putative (MKK8) 
1 9 73,70  
At3g09350 armadillo/beta-catenin repeat family protein* 1 10 72,20  
At3g21700 expressed protein 1 10 68,30  
At3g22310 DEAD box RNA helicase, putative* 1 6 76,50 28,83 
At3g22330 DEAD box RNA helicase, putative* 2 10 155,00 38,11 
At3g48670 XH/XS domain-containing protein * 1 15 71,90  
At3g50860 Clathrin adaptor complex small chain family 
protein 
1 5 99,46  
At3g55000 tonneau 1a 1 8 101,00 38,77 
At4g08430 Ulp1 protease family protein (fragment) 2 12 77,50  
At4g11670 expressed protein 1 12 67,20  
At4g31990 aspartate aminotransferase, chloroplast / 
transaminase A* (ASP5) 
1 10 68,70  
At5g02500 heat shock cognate 70 kDa protein 1 (HSC70-1)* 1 8 99,89  
At5g19770 tubulin alpha-3/alpha-5 chain (TUA3) 1 4 100,00 98,03 
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On the cover: a confocal z-stack projection of ARCTICA1-GFP in a tobacco BY-2 cell, 
labeling cytoskeleton-like strands. The GFP-signal is shown in different colors, corresponding 
to the different depths in the cell. 
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Chapter 3: ARCTICA1, a plant-specific substrate of 
AURORA1 
Silvie Coutuer, Daniël Van Damme, Geert Persiau, Evelien Mylle, Geert De Jaeger, Danny 
Geelen, Dirk Inze and Eugenia Russinova 
Abstract 
Aurora kinases are a well-conserved family of Ser/Thr kinases that regulate different steps in 
the progression of cell division. Because they play an important role in the development of 
human cancers, they have been studied extensively from yeast to human cells. Yeast cells 
have a single Aurora kinase, whereas mammals have three: Aurora A, B and C. Aurora A is 
critical for centrosome and spindle function whereas Aurora B and C are important regulators 
of chromosome segregation and cytokinesis. Aurora kinases are tightly regulated by their 
association with other proteins. For example, Aurora B associates with its substrates, 
INCENP, Survivin and Borealin to form stable ‘chromosomal passenger’ complexes that first 
localize to the chromosomes and during anaphase translocate to the central spindle. 
Plants also encode Aurora-like kinases and in Arabidopsis, three Aurora (AUR) kinase 
orthologs, AUR1, AUR2 and AUR3 have been identified. Their function in plants is unknown 
at this time and no substrates other than Histone H3 have been described yet. 
In a yeast two-hybrid library screen we have identified a novel AUR1 interacting protein, 
named ARCTICA1 (ARC1). ARC1 belongs to a small and uncharacterized protein family in 
Arabidopsis, consisting of ARC1 and one close homologue, ARC2. The specificity of the 
interactions between ARC1, 2 and AUR1, 2, 3 was tested in a yeast two-hybrid assay. Serial 
deletion mutants in ARC1 have been generated to map the AUR1-interaction domain. The 
interaction between AUR1 and ARC1 was confirmed by using in vitro pull-down assays and 
radioactive kinase assays. Expression analysis of ARC1, 2 and AUR1, 2 genes demonstrated 
overlapping expression patterns in different Arabidopsis tissues. When N-terminal GFP 
tagged ARC1 fusion was expressed in dividing BY-2 cells, ARC1 protein first localized to the 
kinetochores and then translocated to the growing cell plate during cytokinesis. This 
localization is reminiscent of the chromosomal passenger proteins, including Aurora B and C, 
in yeast and mammals. 
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Analysis of the ARC1 RNAi/arc2-1 double mutants suggested a role for the ARC proteins in 
cell division orientation or cytokinesis, because these mutants showed defects in cell plate 
positioning in roots. 
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INTRODUCTION 
The Ser/Thr Aurora kinases are well-conserved: yeast cells contain one Aurora kinase, called 
Ipl1 (Francisco and Chan, 1994; Westermann et al., 2007), while vertebrates have three types 
of Aurora kinases, A, B and C with different functions and expression patterns (Carmena and 
Earnshaw, 2003). The Aurora A kinase is involved in centrosome maturation and separation, 
and it also plays a role in spindle assembly and stability. The Aurora B kinase has been called 
the enzymatic heart of the chromosomal passenger complex (CPC) (Vader et al., 2006), which 
has received much attention as an important mitotic regulator in various model systems. By 
using chemical inhibitors of Aurora B kinases, all CPC functions were disturbed, indicating 
that Aurora kinases are indeed core components of the CPC complexes during division 
(Ditchfield et al., 2003; Hauf et al., 2003; Fischle et al., 2005; Hirota et al., 2005). In general, 
Aurora B complexes ensure the proper chromosome alignment by correcting misattachment 
between chromosomes and spindle microtubules (Carmena and Earnshaw, 2003). 
Furthermore, the CPC phosphorylates Histone H3, which causes the displacement of 
heterochromatin protein-1 (HP-1) from the condensed chromosomes (Fischle et al., 2005; 
Hirota et al., 2005). At the end of mitosis, the CPC is essential for the flawless execution of 
cytokinesis (Carmena and Earnshaw, 2003). 
It has been known for some time that another important checkpoint kinase complex, the 
cyclin/CDK kinase, is tightly regulated by the binding of the kinase with non-enzymatic 
partners (such as cyclins). Similarly, in the chromosomal passenger complex, Aurora B binds 
three non-enzymatic subunits, which determine its activity, localization, stability and substrate 
specificity. Those are Survivin, the inner centromere protein (INCENP), and Borealin/Dasra-
B (for review see Ruchaud et al., 2007). INCENP, Survivin, and Borealin are also subject to 
phosphorylation by Aurora B (Vader et al., 2006). The phosphorylated INCENP induces a 
conformational change in Aurora B, causing its full activation (Honda et al., 2003; Sessa et 
al., 2005). Survivin is phosphorylated on threonine 117 by Aurora B (Wheatley et al., 2004), 
and this phosphorylation regulates the localization of the CPC. The COOH terminus of 
Borealin is phosphorylated by Aurora B, but the functionality of this phosphorylation is 
unknown (Gassmann et al., 2004). Thus, phosphorylation of CPC components is essential for 
the functionality of Aurora B kinase. 
The CPC partners form a stable complex with Aurora B (for review see Vader et al., 2006), 
and these partners enable Aurora B to function at the right place at the right time. Thus, one or 
more CPC subunits recognize a docking site on chromomoses and centromeres during 
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metaphase/anaphase, and central spindle and midbody during cytokinesis. Since these 
structures are molecularly very different (e.g. chromatin of the centromeres compared to 
microtubules on the central spindle), it is likely that multiple docking sites are responsible for 
different targeting mechanisms. The chromatin-associated protein, HP-1 interacts with 
INCENP, and this interaction is responsible for targeting of the CPC to the chromosome arms 
during the onset of mitosis (Ainsztein et al., 1998; Fischle et al., 2005; Hirota et al., 2005; 
Vader et al., 2006). In the next step of cell division, the CPC is targeted to the centromeres. 
Because Borealin binds double-stranded DNA in vitro, it has been proposed that Borealin 
targets the CPC to the chromatin (Klein et al., 2006). In S. cerevisiae, the Survivin orthologue 
interacts with the centromere binding factor-3 complex subunit, Ndc10, suggesting that 
Ndc10 is a good candidate for a CPC centromere receptor (Yoon and Carbon, 1999). The 
Fission Yeast Shugoshin protein 2 (Sgo2) has recently been shown to either regulate, or be 
itself, a docking site for the recruitment of the passenger proteins to the centromeres 
(Vanoosthuyse et al., 2007).  
Before cytokinesis, Aurora B must be transported from the centromeres to the central spindle. 
In yeast, this translocation is negatively regulated by cyclin B/Cdk1-dependent 
phosphorylation of INCENP (Pereira and Schiebel, 2003). In human cells, expression of a 
non-degradable cyclin B mutant prevented spindle transfer of Aurora B during anaphase 
(Murata-Hori et al., 2002). The relocalization of the CPC also requires dynamic microtubules 
(Wheatley et al., 2001), which is the reason why the microtubule-stabilizing drug taxol has 
been generally used as a cancer drug by inhibiting the division of cancer cells, since it impairs 
central spindle targeting of the CPC. Both INCENP and Survivin interact with microtubules 
(Mackay et al., 1993; Li et al., 1998), but it is unclear whether this interaction is crucial for 
CPC targeting. Central spindle localization of the CPC does depend on microtubule-
associated proteins such as the human Mklp2 mitotic kinesin (Gruneberg et al., 2004) and the 
related C. elegans kinesin Zen-4 (Severson et al., 2000).  
Initially, it was proposed that the third type of Aurora kinases, Aurora C, is mostly involved in 
spermatogenesis (Dieterich et al., 2007; Kimmins et al., 2007). However, recently it has been 
shown that Aurora C interacts with components of Aurora B chromosomal passenger 
complex, such as CENP-A and Borealin. Moreover, in the absence of Aurora B, Aurora C is 
sufficient for proper mitotic phosphorylation of CENP-A and centromeric localization of the 
CPC proteins. Thus, Aurora C shares Aurora B substrates and is capable of performing 
mitotic functions previously attributed only to Aurora B (Slattery et al., 2008). 
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In Arabidopsis, three orthologues of the Aurora kinases have been described (Demidov et al., 
2005; Kawabe et al., 2005), but they cannot be classified as Aurora A, B or C types. AUR1 
and AUR2 localized to the spindle and the cell plate during cytokinesis, whereas AUR3 was 
associating with the chromosomes in dividing BY-2 cells (Demidov et al., 2005; Kawabe et 
al., 2005). Up to date the existence of chromosomal passenger complexes in plants has not 
been demonstrated and no apparent homologues of the CPC binding partners (such as 
Survivin, Borealin or INCENP) were found in the Arabidopsis genome.  
In this study, we aimed to isolate interaction/regulating partners of the plant Aurora kinases. 
Here, we describe the identification and the functional characterization of a novel plant-
specific Aurora substrate, which we called ARCTICA1. ARC1 interacted with AUR1 in yeast 
two-hybrid, in vitro binding and radioactive kinase assays. Our data provide evidence that 
ARC functions in cell division orientation or cytokinesis through a possible interaction with 
AUR kinases. We also hypothesise that ARC resembles the behaviour of chromosomal 
passenger proteins, by first associating with the kinetochores, and then moving to the 
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RESULTS  
Identification of Arabidopsis ARCTICA proteins as AURORA-specific 
interactors 
To identify proteins interacting with the plant Aurora kinases, we performed a yeast two-
hybrid (Y2H) cDNA library screen using the full-length AUR1 protein as a bait. Amongst the 
47 AUR1 interacting clones (see Chapter 2) we identified one cDNA lacking only the first 
6bp of the 1149bp full-length coding sequence of the unknown Arabidopsis gene, At2g16900. 
We named this interactor ARCTICA1 (ARC1). 
ARC1 belongs to a small family of two uncharacterized proteins in Arabidopsis and the 
closest homolog of ARC1, At4g35110 was named ARC2. The cDNA corresponding to ARC2 
was isolated by RT-PCR, based on publicly available annotations.  
The interactions of ARC1 and ARC2 with all three Arabidopsis Aurora kinases were further 
confirmed in the yeast two-hybrid assay. The full-length coding regions of ARC2 and AUR1, 
2, 3 were cloned in the yeast expression vectors pDEST32 and pDEST22 to fuse them to the 
GAL4-DNA binding and trans-activating domains. For ARC1, the clone encoding 7-1149bp 
was used. Interactions were assessed using the His3 and Ura reporter genes (Figure 3.1B-C). 
No auto-activation was detected when the constructs were expressed together with the empty 
vectors. Yeast cells expressing ARC1 with either AUR1 or AUR2 grew on medium without 
His and Ura, whereas coexpression of both ARC1 and ARC2 with AUR3 did not reveal any 
interaction. Combinations of ARC2 with AUR1 and AUR2 grew on medium without Ura 
(Figure 3.1C), but not on medium without His (Figure 3.1B). These results suggested that 
ARC1 and ARC2 interacted with both AUR1 and AUR2 but not with AUR3. However, the 
binding capacity of ARC2 to AUR1 and AUR2 appeared to be lower. 
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Figure 3.1: ARC1 and ARC2 bind AUR1 and AUR2, but not AUR3. 
Yeast two-hybrid assay. Budding yeast strain MaV203 was transformed with Arabidopsis ARC and AUR 
family members, that were cloned in pDEST22 and pDEST32 respectively, or with an empty vector. 
pDBleu and pEXP-AD502 were used as controls. Transformants were grown on minimal medium without 
His or Ura for 3d at 30°C. 
 
-LT -LTH -LTU 
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ARC1 is a protein of 382 amino acids with a predicted mass of 42527 Da and isoelectric point 
of 5.28, whereas ARC2 is 386 amino acids. Both ARC1 and ARC2 lack predicted subcellular 
targeting sequences. The amino acid sequence alignment of ARC1 and ARC2 identified 58% 
identical residues and 70% similar residues (Figure 3.2) highlighted in black and grey 
respectively. 
 
Blast analysis of the ARC proteins indicated no clear homology with proteins in other 
organisms. In poplar, two putative ARC homologues could be found, with an identity of 17.8 
%, and similarity of 21.10 %. Both ARC1 and ARC2 contain a pEARLI-4 domain, named 
after the pEARLI-4 protein, previously annotated as an Arabidopsis phospholipase-like 
protein. The pEARLI-4 gene was identified in a screen for genes upregulated by Aluminium 
treatment (Richards, 1995) and was described as a hydrophilic, Pro-rich protein of unknown 
function. Experimental evidence concerning the phospholipase-like properties of the 
pEARLI4 proteins is lacking in the literature, suggesting that this annotation is only 
indicative. Database searches revealed that besides ARC1 and ARC2 in the Arabidopsis 
genome, there are 5 other proteins of unknown function containing the pEARLI4 domain 
(Figure 3.3). One hypothetical protein with homology to the pEARLI-4 domain was found in 
Vitis vinifera suggesting that the pEARLI-4 domain is present in other plant species. 
Figure 3.2: Protein alignment of ARC1 and ARC2. DNA and amino acid sequences of ARC1 (At2g16900) 
were used to query databases at www.ncbi.nlm.nih.gov/BLAST for proteins similar to ARC1. The 
alignment was made with ClustalW and identical/similar residues were highlighted using BOXSHADE. 
The Pfam PEARLI-4 domain is underlined.  
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Figure 3.3: Proteins with PEARLI-4 domain in Arabidopsis. Besides ARC1 and ARC2, the Arabidopsis genome encodes 
5 other unknown proteins containing this domain. The multiple alignment was made with ClustalW and 
identical/similar residues are highlighted using BOXSHADE. The Pfam pEARLI-4 domain is underlined.  
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The PEARLI-4 domain of ARC1 is required for the interaction with AUR1 
and AUR2 
In the absence of information about functional domains or motifs, we used two-hybrid assays 
to determine the AUR-interaction domain of ARC1. Yeast two-hybrid experiments were 
performed with AUR1, 2 and the ARC1 clone isolated from the Y2H screen, which lacks the 
first 6bp of the ARC1 coding sequence (∆N 1-6bp). 4 deletion fragments of the ARC1 
sequence were also tested for interaction with AUR1, 2: ∆N 1-240bp, ∆N 1-462bp, ∆N 1-
717bp and ∆N 1-957bp (Figure 3.4). 
Growth on medium without His and Ura was detected when AUR1 and AUR2 were 
coexpressed with the fragments ∆N 1-6bp, ∆N 1-240bp and ∆N 1-462bp (Figure 3.4). 
Moreover LacZ filter-lift assays confirmed the interaction between AUR1, 2 and ARC1 
fragments, ∆N 1-6bp, ∆N 1-240bp and ∆N 1-462bp (Figure 3.4). From these results, we 
conclude that the intact pEARLI4 domain in ARC1 is essential for AUR interaction in yeast 
two-hybrid assay. 
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Figure 3.4. Interaction between different ARC1-fragments and AUR1, 2. The yeast colonies were spotted 
on medium without Leu and Trp as a positive control. Interaction could clearly be detected between 
AUR1, AUR2 and the ARC1 fragments that lacked the first 6bp., 240bp. and 461bp. These co-
transformants were positive using three different reporters: medium without Ura, without His and with 
X-gal staining. pDBLeu and pEXP-AD502 served as negative controls. 
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ARC1 localizes to kinetochores and cell plate during cell division. 
To investigate the subcellular localization of the unknown ARC1 protein during cell division, 
an N-terminal GFP fusion was constructed with the yeast two-hybrid ARC1 clone, lacking the 
first 6bp of the coding sequence. Timelapse analysis of N-terminally GFP tagged ARC1 
(35S::GFP-ARC1) in stably transformed tobacco BY-2 cells showed that during interphase, 
GFP-ARC1 was found in the cytoplasm, excluded from the nucleus and the vacuoles. In some 
cells, GFP-ARC1 associated strongly with the plasma membrane at the tip of the cells (Figure 
3.5A). Occasionally (<5%), the interphase cells showed a localization that was reminiscent of 
cytoskeleton filaments (Figure 3.5B). During cell division, the GFP-ARC1 protein 
concentrated in a double dot pattern that was similar to the localization of kinetochore 
proteins described in other systems (Figure 3.5C), such as the outer kinetochore protein PP1 
(protein phosphatase 1), which counters the effect of Aurora B both in yeast, Xenopus and C. 
elegans (for review see Andrews et al., 2003). At anaphase, the protein remained attached to 
the separating chromosomes, and it translocated to the growing cell plate during cytokinesis 
(Figure 3.5D). These results suggest that ARC1 is involved in cell division, with possible 
functions at the kinetochores or at the cell plate. 
To test whether the position of the GFP-tag influenced the localization of ARC1, we created a 
C-terminal ARC1 GFP-fusion and used this construct for localization assays (Figure 3.5E-H). 
In interphase cells, as described for the N-terminal fusion, ARC1-GFP localized both in the 
cytoplasm and at the plasma membrane (Figure 3.5E). However, the plasma membrane 
localization was much more punctuate than with the N-terminal fusion. The cytoskeleton-like 
localization was identical to the N-terminal fusion (Figure 3.5F). During metaphase, the 
ARC1-GFP fusion remained associated with  bright spots (Figure 3.5G) and the localization 
at the kinetochores was abolished. During cytokinesis (Figure 3.5H), the bright spots seemed 
to associate with the phragmoplast, but were not incorporated in the cell plate. Based on those 
observations we conclude that the C-terminal fusion to GFP disturbed the localization pattern 
of ARC1. Interestingly, we observed a higher occurrence of BY-2 cells showing 3 “poles” 
instead of the normal two ends (see Figures 4.5E-H), suggesting that the overexpression of the 
C-terminal ARC1-GFP fusion may have dominant negative effects on the shape of the BY-2 
suspension cells. 
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Next, we examined the localization of the N-terminal GFP-ARC1 fusion in Arabidopsis, L-
MM2d suspension cells, when expressed under the constitutive 35S promoter. As shown in 
Figure 3.6 GFP-ARC1 protein showed a comparable localization pattern in Arabidopsis as in 
BY-2. ARC1 localized to the cytoplasm and the membrane during interphase (Figure 3.6A), 
and associated with kinetochores (Figure 3.6B) and cell plate (Figure 3.6C) during cell 
division. In some cells, the overexpression of GFP-ARC1 in Arabidopsis suspension cells 
resulted in  aberrant cell wall morphology, such as incomplete cell walls (Figure 3.6E) or 
crooked cell walls that seemed to be positioned incorrectly as visualised by FM4-64 staining 
(Figure 3.6H). This indicated that the overexpression of GFP-ARC1 had a detrimental effect 
on cytokinesis.  
 
 
 
 
 
 
 
 
Figure 3.5: Localization of ARC1 in BY2 cells. 35S::GFP-ARC1 localizes to (A), the plasma membrane; 
(B), cytoskeleton-like filaments; (C), kinetochores during metaphase;  and (D), the cell plate. 35S::ARC1-
GFP associates with (E), the plasma membrane; (F), cytoskeletal filaments but not kinetochores (G) and in 
unknown vesicles associated with the phragmoplast (H). MAP4-RFP is shown in red.  
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Because ARC1 displayed different localization patterns we next aimed to identify sequence 
fragments that contained specific localization signals (such as an unknown membrane 
localization domain, or a microtubule binding domain). To do that we studied the GFP-
localization of various C- and N-terminal deletion fragments of ARC1 in tobacco BY-2 cells. 
Figure 3.7 shows the intracellular localization of ARC1 and its deletion fragments, fused to 
GFP. 
Figure 3.6: Localization of 35S::GFP-ARC1 in Arabidopsis suspension cells. 35S::GFP-ARC1 localizes to 
(A), the plasma membrane; (B), kinetochores; (C), the cell plate.  
Phenotypic effects of overexpression of GFP-ARC1 in Arabidopsis L-MM2d suspension cells. GFP-ARC1 
associates with (D-G) the membrane, (E-H) FM4-64 staining of the cell membrane and (F-I) DIC images. 
The arrows indicate an incomplete cell wall stub (E) and aberrant cell walls (H), possibly caused by a 
defect in cytokinesis.  
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Figure 3.7: Intracellular localization of N-and C-terminal deletion fragments of ARC1. Deleted base pairs 
at N- and C-terminus are indicated with ∆N, ∆C respectively. The position of the GFP-tag is shown in 
green. Localization of ∆N 1-6bp (A-B-C, co-localization with TUA6-RFP), ∆N 1-240bp (D-E-F), ∆N 1-
462bp (G-H-I) ∆N 1-717bp (J-K) and ∆N 1-957bp (L-M-N). The black box indicates that there was no 
micrograph available from these time points. Localization of the C-terminal fusions ARC1-GFP (O-P-Q), 
∆C 958-1149bp (R-S-T), ∆C 718-1149bp (U-V), ∆C 463-1149bp (W-X-Y), ∆C 241-1149bp (Z-AA-BB) was 
imaged in BY-2 cells. 
 
Deletion fragments were constructed by truncating the ARC1 protein, either from the C- or 
the N-terminus. The resulting ARC1 fragments differed around 250bp in size (Figure 3.7). 
Next, the fragments were fused to GFP. The fragment containing the sequence 463-1149 bp 
corresponded to the predicted pEARLI4 domain. After transformation in tobacco BY-2 cells, 
the localization of the truncated proteins fused to GFP was followed during cell division using 
confocal microscopy. As described in Figure 3.7, as soon as we removed around 200bp from 
either end of the ARC1 gene, the ARC1 protein did not associate with any of the previously 
described subcellular structures such as kinetochores, cell plate or plasma membrane. The 
localization of fragments ∆N 1-240bp and ∆N 1-462bp was quite similar. During interphase 
the truncated proteins resided in the cytoplasm (Figures 4.7D-G) and during mitosis they did 
not associate with either kinetochores or cell plate (Figures 4.7E-F-H-I). The fragments ∆N 1-
717bp and ∆N 1-957bp did not associate with any specific structures during mitosis, but these 
fusions did enter the nucleus (Figures 4.7J-L), as opposed to the longer GFP-ARC1 fragments 
that were excluded from the nucleus. This was probably due to the size of the fragment 
fusions: the smaller fragments ∆N 1-717bp and ∆N 1-957bp had a predicted size of 45 kDa 
and 36 kDa respectively, which probably allowed them to enter the nucleus under the nuclear 
exclusion limit. All C-terminal fragments localized in a similar pattern in nucleus and 
cytoplasm. Together our data indicate that an intact ARC1 protein is essential for correct 
targeting, no specific targeting subdomains in ARC1 are identified. 
ARCTICA1 is an in vitro substrate of AUR1 
To confirm the interaction between AUR1 and ARC1, we performed an in vitro protein-
binding assay (Figure 3.8A). Glutathione S-transferase (GST)–ARC1 fusion protein was 
purified from E. coli and detected with an antibody raised against a peptide of ARC1 
(CGSFGKKKTESQPPS). Protein gel blot analysis revealed multiple bands of GST-ARC1 
fusion protein, probably due to degradation (Figure 3.8A). The Tandem Affinity Purification 
(TAP)-AUR1 protein complex was purified from Arabidopsis cell suspension extracts and 
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detected on Western blot with anti-Calmodulin Binding Peptide (CBP) antibody (data not 
shown). The GST-ARC1 coupled beads were mixed with TAP-AUR1 and subjected to an in 
vitro binding assay followed by protein gel blot analysis. As shown in Figure 3.8A, the TAP-
AUR1 was bound to GST-ARC1 in vitro (lane 1), whereas TAP-AUR1 did not bind control 
GST or beads alone (lane 2-3). This result indicates that ARC1 interacts with AUR1 in vitro.  
To determine whether AUR1 is capable of phosphorylating ARC1 we performed radioactive 
in vitro kinase assays, using the GST-ARC1 and TAP-AUR1 fusions. As a positive control, 
the activity of the TAP-AUR1 fraction was tested in a kinase assay with Histone H3 isolated 
from calf thymus. Histone H3 was phosphorylated indicating that the suspension-purified 
TAP-AUR1 is an active kinase (Figure 3.8B). The purified TAP-AUR1 complex was then 
incubated with GST-ARC1 in the presence of radioactive ATP. As a result, we detected a 
phosphorylated GST-ARC1 band, suggesting that ARC1 is a substrate of AUR1 (Figure 
3.8B). Phosphorylated ARC1 was not detected in the TAP-AUR1 fraction alone and when 
TAP-AUR1 was omitted from the reaction mixture. The band corresponding to the 
phosphorylated ARC1 was also not detected when TAP-AUR1 was incubated with pure GST-
coupled beads. Because of its auto-phosphorylation activity, TAP-AUR1 was always detected 
by autoradiography.  
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Figure 3.8. Binding and phosphorylation of ARC1 by AUR1. 
(A-B) GST-ARC1 binds TAP-AUR1 protein. 
(A) GST-ARC1 purified from E. coli was detected with anti-ARC1 antibody after protein gel blot 
analysis. The largest band around 75 kDa represents the full-length GST-ARC1 fusion (lane 1), the 
other bands are probably the result of degradation or premature translational stops. Controls are 
GST-coupled beads (lane 2) and beads alone (lane 3). (B) After incubation of the GST-ARC1 beads 
with TAP-AUR1 extract, a 37 kDa full-length AUR1 band could be detected with anti-calmodulin 
binding peptide (anti-CBP) antibody (lane 4). As negative controls, GST-coupled beads (GST, lane 5) 
or beads alone (beads, lane 6) were used. 
(C-D) AUR1 phosphorylates ARC1 in vitro 
(C) GST-ARC1 and TAP-AUR1 were incubated together with radioactive ATP32. The 
phosphorylation of GST-ARC1 was detected with radiography (first row). The presence of GST-
ARC1 and TAP-AUR1 in the reaction mixture was visualized by Coomassie staining (row 2 and row 
3 respectively). Due to autophosphorylation of TAP-AUR1, a TAP-AUR1 band could be visualized as 
well (row 4). In the presence of both ARC1 and AUR1, ARC1 is phosporylated (lane 1), but not when 
either AUR1 (lane2) or ARC1 (lane 3) were omitted from the reaction mixture. Negative controls 
were GST-coupled beads (lane 4) and beads alone (lane 5). As a positive control, TAP-AUR1 
phosphorylated a Histone H3 band (lane 6). Weak background signal was detected in the absence of 
AUR1 (lane 7).  
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ARC and AUR are expressed in partially overlapping tissues in roots, 
leaves and flowers 
If ARC1 is a substrate of AUR1 we would expect overlap in their expression patterns. We 
therefore studied the expression patterns of ARC1, 2 and AUR1, 2 genes in Arabidopsis by 
performing real-time quantitative PCR (qPCR) analysis with cDNA isolated form various 
tissues of wild-type Arabidopsis plants. The qPCR reactions were performed in triplicate, and 
the resulting graphs are shown in Figure 3.9. 
 
Figure 3.9: Real time qPCR expression results of Arctica 1, 2 and Aurora 1, 2 in seedlings (4 days after 
germination), young roots and cotyledons (8 days after germination). Tissues from mature plants were 
harvested after transfer to soil, 30 days after germination.  
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As shown in Figure 3.9, ARC1 and ARC2 transcripts were detected in all tissues: Both ARC1 
and ARC2 were highly expressed in young roots, flower buds and flowers but remarkably 
only the ARC2 gene showed an expression peak in stems. Similarly AUR1 and AUR2 genes 
were strongly expressed in young dividing tissues of young roots, leaves and flower buds. In 
senescent tissues such as mature leaves, there was little or no expression of AUR1 and AUR2. 
Since ARC1, 2 and AUR1, 2 are quite generally expressed, the interaction between them is 
therefore possible in a range of plant structures including roots and flower buds. 
To complement the qPCR expression data, and to learn more about the spatial expression of 
AUR and ARC genes we isolated and cloned their promoters. The ARC1, 2 and AUR1, 2 
promotor sequences were fused to the GUS (β-glucuronidase) reporter gene. After 
Agrobacterium transformation of these constructs into Arabidopsis plants, the resulting 
transformants were selected and tested for GUS activity. As shown in Figure 3.10, GUS 
activity of ARC1 and ARC2 promoters was clearly visible in roots and young leaves of 
Arabidopsis seedlings (A-B). Roots were strongly stained in both pARC1- and pARC2-GUS 
expressing plants, especially in the root cap (E-F). In the root elongation zone, GUS staining 
was also present (M-N). In the root hairs, only ARC2 expression was detected. The emerging 
lateral roots were not stained in the pARC1- and pARC2-GUS expressing plants (O-P). In 
leaves, the GUS colour reaction was detected in the vasculature for ARC1 (I) and in the 
stomata and trichomes for ARC2 (J). In Arabidopsis flowers, ARC1 expression was weaker in 
petals (Y), but ARC2 promoter stained strongly only the vasculature in petals, (Z). There was 
no expression in the female parts of the flowers, but the flower stamens were very strongly 
stained and the GUS signal was especially concentrated at upper part of the filament, where 
the filament was attached to the anthers (U-V). In general, the expression of ARC2 was 
overall stronger than the expression of ARC1 in Arabidopsis plants.  
The promoter activity of AUR1 and AUR2 overlapped ARC1 and ARC2 expression in the 
young leaves and roots of the Arabidopsis seedlings (C-D-G-H). AUR1 and AUR2 expression 
was very strong in the root meristem (G-H). In leaves, AUR1 and ARC2 are co-expressed in 
the stomata (K-J), whereas AUR1, AUR2 and ARC1 are co-expressed in the vasculature (I-K-
L). An interesting difference in expression patterns was seen in developing lateral root 
primordia where both AUR1 and AUR2 were upregulated in the meristem (S-T), while ARC1 
and ARC2 were not expressed (Q-R). In Arabidopsis flowers, AUR1 and AUR2 were highly 
expressed in young flowers (W-X) and in the pistils. Both stomata and vasculature were 
stained in petals of plants expressing the pAUR1-GUS construct, while only weak staining in 
the vasculature of the petals was observed in the pAUR2-GUS expressing plants (AA-BB). 
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Furthermore, the ovules were clearly stained (X). Both AUR1 and AUR2 showed a strong 
GUS staining in the pollen (W-X), something that was not seen with ARC1 and ARC2 genes. 
Our data have shown that AUR and ARC could interact in various tissues, including leaves 
(vasculature or stomata; Figure 3.10I-J-K-L), roots (Figure 3.10E-F-G-H) and flowers (Figure 
3.10Z-AA). 
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Figure 3.10. Promoter-ARC1, ARC2, AUR1 and AUR2-GUS expression patterns in Arabidopsis seedlings. 
Expression of ARC1 and ARC2 was described in 8 day old seedlings (A-B), in roots and root cap (E-F), in 
leaves (I-J) with stained stomata (ARC2; J), in roots (M, N, Q, R) and in flowers of mature plants, 
specifically in petals (Y-Z) and the filaments of the stamens (U-V). The expression of AUR1 and AUR2 
could be seen in whole seedlings (C-D), in root meristems (G-H), in leaf vasculature (K-L) and stomata 
(K), in the root vasculature (O-P) and emerging lateral roots (S-T). During flower development, the GUS 
staining was found in ovules (X), anthers containing the stained pollen grains (W-X) and petals (AA-BB). 
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ARC1 is present in the same subcellular compartments as AUR1 and 2 
After confirming the direct binding between ARC and AUR family members and the 
possibility of co-expression, we tested whether ARC1 and AUR1 and 2 will co-localize in 
dividing tobacco BY-2 cells. Previously, AUR1 and AUR2 have been described to localize to 
the spindle microtubules and the cell plate, while during interphase, AUR1 and 2 localize both 
in the nucleus and the cytoplasm (Demidov et al., 2005; Kawabe et al., 2005). 
As shown in Figure 3.11, when co-expressed with GFP-AUR1, the N-terminal RFP-fusion of 
ARC1 did not localize as seen when expressed alone. Although the membrane association 
was still seen in the cells (arrows in Figure 3.11A and C), the signal was much weaker. 
During division and cytokinesis, the RFP-ARC1 did not associate with kinetochores (Figure 
3.11 E-G) or cell plate (Figure 3.11K). The localization of AUR1 was as expected. During 
interphase it localized both in nucleus and cytoplasm (Fig. 4.11B-D). It was also seen that the 
combined expression of AUR1 and ARC1 under strong 35S promoter had a detrimental effect 
on the cells. As shown in Figure 3.11F-H, the spindle microtubules displayed a flatter and 
disorganized pattern. During interphase, some cells had very large nuclei, and ARC1 
associated with the nucleolus (Figure 3.11I), suggesting nucleolar migration of ARC1. We 
further investigated whether these detrimental effects would also occur when RFP-ARC1 was 
co-expressed with AUR2 (Figure 3.11M-P). Therefore we next examined the co-localization 
of RFP-ARC1 and GFP-AUR2 in BY2 cells. In this combination, the RFP-ARC1 fusion did 
not associate with the kinetochores (Figure 3.11O) or cell plate (Figure 3.11M). The co-
expression of RFP-ARC1 with GFP-AUR2 resulted in weaker GFP-AUR2 expression levels 
and weak association with the spindle microtubules (Figure 3.11P) and no association with 
the cell plate (Figure 3.11N).  
To test whether the lack of ARC1 kinetochore and cell plate localization is due to the use of 
the less bright RFP tag, we repeated the co-localization assays using GFP-ARC1 cultures that 
were supertransformed with RFP-AUR1. In this case, the GFP-ARC1 localization was clearly 
seen on the kinetochores during metaphase (Figure 3.11R), however, the RFP-AUR1 fusion 
protein was hardly visible making it impossible to detect the expected AUR1 association with 
the spindle microtubules (Figure 3.11Q-S). No pictures were taken during cytokinesis. 
Together these results indicated that the combined GFP/RFP approach was not very useful to 
prove the co-localization of Arctica and Aurora family members. We would therefore suggest 
repeating this experiment with other brighter monomeric RFP variants (such as tomato or 
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cherry). Alternatively to avoid detrimental effects or silencing due to the strong expression of 
AUR1 and ARC1, the use of an inducible system will be required.  
AUR1 and AUR2 localize to the spindle microtubules and the cell plate, while during 
interphase, AUR1 and 2 localize both in the nucleus and the cytoplasm (Demidov et al., 2005; 
Kawabe et al., 2005). When we compare this localization pattern with the ARC1 localization, 
ARC1 and AUR1, 2 can interact at the kinetochore-spindle attachment, at the cell plate, or 
during interphase in the cytoplasm. Therefore, ARC1 and AUR1/2 are normally present in the 
same cell compartments at the same time. 
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Figure 3.11: Co-localization of ARC1 and AUR1/2 in BY-2 cells.  
The cells co-expressing RFP-ARC1 and GFP-AUR1 were followed during interphase (A-B-C-D-I-J), 
during metaphase (E-F, projection G-H) and cytokinesis (K-L). Although RFP-ARC1 could be detected at 
the membrane (white arrows A-C), it could not be detected at the kinetochores (E-G) or at the cell plate 
(K). (D) shows weak association of GFP-AUR1 with the PPB (white arrow). Combined overexpression of 
RFP-ARC1 and GFP-AUR1 had detrimental effects on spindle shape (E-F-G-H).  
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GFP-localization of tobacco BY-2 cells both expressing RFP-ARC1 and GFP-AUR2 (M-N-O-P). During 
cytokinesis, neither RFP-ARC1 nor GFP-AUR2 localize to the cell plate, suggesting negative effects of the 
co-expression on the localization of both proteins (M-N). During anaphase, we could not detect 
kinetochore association with RFP-ARC1 (O) and the spindle localization with GFP-AUR2 (P) was less 
strong than when GFP-AUR2 was expressed alone. Reversing the GFP and RFP tags revealed that GFP-
ARC1 could be found back at the kinetochores (R-T), but the RFP-AUR1 fusion was too weak to be found 
at its expected spindle localization (Q). 
Isolation and characterisation of ARC mutants 
To study the function of the ARC family in Arabidopsis, we sought to identify ARC T-DNA 
knockout mutants. Several public T-DNA databases were screened for potential insertions in 
the ARC1 (At2g16900) and ARC2 (At4g35110) genes. One arc1-1 T-DNA tagged allele was 
identified in the Arabidopsis SALK collection with No 128686. The T-DNA was inserted 
near the stop codon, but the precise insertion site was not determined (Figure 3.13A). An 
arc2-1 allele, line WiscDsLox44B07 was isolated from the WisconsinDsLox collection 
containing an insertion in the first exon. Sequencing of the T-DNA borders identified the 
exact position of the insertion site as 65 bp. after the start codon of ARC2 (Figure 3.13A). 
Both arc1-1 and arc2-1 alleles were Colombia ecotypes. Additionally, one FLAG_585G09 
line in Wassilevskija (ws) ecotype containing an insertion in ARC2 gene was identified (data 
not shown) but this line was not used because respective ws arc1 alleles were not available. 
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Figure 3.12. Characterization of arc1 and arc2 T-DNA mutants. 
(A) Intron-exon structure of ARC1 and ARC2 genes. The T-DNA insertion sites are indicated: arc1-1 
is the SALK_128686 insertion and arc2-1 is the WiscDsLox44B07 insertion . The position of the 
gene-specific ARC1 tag (GST) is also shown.  
(B) Detection of mRNA levels of ARC1 and ARC2 genes in arc1-1 and arc2-1 T-DNA insertions. arc1-1 
plants show higher expression instead of reduction and this line is therefore not a KO mutant. 
arc2-1 shows no expression of ARC2 and consequently it is a null mutant.  
(C) RNAi silencing of the ARC1 gene was performed because of the lack of T-DNA KO’s in ARC1. 
Using a gene-specific tag (GST) for ARC1, specific silencing of ARC1 but not of ARC2 could be 
detected in several lines. 
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The homozygous plants containing a T-DNA in ARC1 and ARC2 genes were identified by 
PCR on genomic DNA using gene-specific and T-DNA left-border primers. All arc1-1 and 
arc2-1 homozygous plants showed normal vegetative growth and development and no 
phenotypic changes were detected (data not shown). 
To determine the mRNA levels of ARC1 and ARC2 genes in the mutant alleles, RT-qPCR 
analyses were performed (Figure 3.12B). The homozygous arc1-1 plants did not show 
reduced expression of the ARC1 gene, to the contrary, they showed 2,5 times higher 
expression compared to control wild-type plants, possibly due to stabilization of the ARC1 
mRNA levels by the T-DNA insertion (Figure 3.12B). Therefore the arc1-1 allele was not 
further used for analysis. As expected, no ARC2 gene expression was detected in the arc2-1 
homozygous plants, thereby confirming that arc2-1 is a null mutant (Figure 3.12B). The arc2-
1 knockout plants showed normal expression levels of ARC1, suggesting that the expression 
of ARC1 was not affected by the absence of ARC2. 
Because of the absence of a null arc1 mutant, we carried out RNA interference experiments 
(RNAi) to silence the ARC1 gene. One ARC1 Gene-Specific-Tag (GST) of 165 bp was 
identified in the CATMA database (Crowe et al., 2003). This tag was amplified and used for 
Gateway cloning in sense and antisense directions in the hairpin vector pK7GWIWG2, using 
35S overexpression. After transformation in Col-0 background, 26 ARC1 RNAi T1 
transformants were identified by seedling resistance to kanamycin, transferred to soil and 
grown to maturity. The kanamycin-resistant offspring of 7 of these plants was used for qPCR 
analysis (Figure 3.12C). Some of the analysed plants showed decreased levels of ARC1 
transcript, indicating that the silencing construct was effective. Additionally, using qPCR 
analysis we confirmed that the GST tag was indeed specific for ARC1 and did not 
downregulate the homologous ARC2 gene. Unexpectedly, except for line 17, in most of the 
ARC1 silencing lines, ARC2 expression was upregulated suggesting functional compensation 
of ARC2 for reduced ARC1 expression (Figure 3.12C). The ARC1 silenced lines did not show 
any distinctive phenotypic features when grown under standard growth conditions. We further 
created a double ARC1 RNAi/ arc2-1 mutant by transforming the arc2-1 null mutant with the 
ARC1-GST silencing construct. 26 independent lines were retained and the transcripts levels 
of ARC1 and ARC2 genes were analysed by qPCR (Figure 3.13A). 
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Figure 3.13: Phenotypic analysis of ARC1 RNAi / arc2-1 plants. 
(A) Determination of ARC1 and ARC2 expression levels in 26 independent silencing lines. T2 seedlings 
were selected on kanamycin and pooled for qPCR analysis. Several lines showed reduction in 
ARC1 mRNA levels with a minimum ARC1 expression of 25%.  ARC2 was confirmed to be a null 
mutant.  
(B) Vertically grown ARC1 RNAi/ arc2-1 KO plants compared to WT plants 4 days after germination 
(C) and (D) Phenotypes of T2 plants of 2 independent lines E6 (C) and C8 (D). The mutant plants 
were generally smaller than the WT.  
(E) Confirmation of downregulated ARC1 transcript levels of individual T2 plants that showed the 
phenotype in (C) and (D). RNA for expression analysis was prepared from flowers.  
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The GST-ARC1 silencing construct successfully decreased the expression level of ARC1 in 
the arc2-1 mutant background in several independent lines (Figure 3.13A). 8 lines (A3, A4, 
E6, F6, H6, A8, C8 and F12) with the lowest ARC1 mRNA levels were put to soil and grown 
to maturity. Figures 3.13 C and D show a T2 progeny of the strongest silencing lines, E6 and 
C8 displaying delayed growth when compared to wild-type plants. The expression levels of 
these individual plants were reconfirmed by qPCR expression analysis of the flowers (Figure 
3.13E). When vertically grown 4 days old ARC1 RNAi/arc2-1 mutant plants were 
distinguished by their small cotyledons (Figure 3.13B). To characterize the ARC1 RNAi/arc2-
1 mutant plants on a subcellular level, roots and leaves from independent T2 lines were 
stained with propidium iodide (PI) to enable visualization of the plant cell walls (Figure 3.14). 
In the root tip, aberrant root architecture was found (Fig. 3.14 A- F). The roots showed 
irregular cell wall positioning and large cells (B-C) that seemingly contained more than one 
nucleus (C). These results suggest that the downregulation of ARCTICA proteins results in 
cell division defects such as mispositioning of cell plates, which eventually leads to aberrant 
patterning of the root files.  
 
 
Figure 3.14: Confocal analysis of ARC1 RNAi / arc2-1 plants using Propidium Iodide (PI) staining.  
In the roots, aberrant architecture could be detected (A-B-C-D-E-F) with enlarged cells (B-C) that 
probably contain multiple nuclei (stained in red by PI).  
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Identification of ARC1 complex by using Tandem Affinity Purification  
Because ARC1 interacted with AUR1 and AUR2 proteins in vitro, we wanted to know 
whether AUR1 or AUR2 are components of ARC1 protein complex in vivo. Therefore, to 
purify the ARC1 complex, we established transgenic Arabidopsis cell lines expressing TAP-
tagged ARC1 under the strong CaMV 35S promoter. This system produced high levels of the 
protein of interest, which allowed integration of the TAP-fusion in the native complexes (Van 
Leene et al., 2007). After performing the TAP procedure adapted for plant cells (Van Leene et 
al., 2007), the putative components of the ARC1 TAP complex were separated on SDS-gel, 
cut out and identified by matrix-assisted laser desorption ionization tandem mass 
spectrometry (MALDI-TOF). The resulting ARC1 binding partners from the TAP purification 
are described in Table 3.1. 
Table 3.1: Interacting partners of ARC1, identified using Tandem Affinity Purification and mass 
spectrometry. * indicates that the protein is a probable false positive according to Van Leene et al. (2007). 
 
The list of ARC1 interaction partners did not show the presence of either AUR1 or AUR2 
proteins. However identifying other putative ARC1 interactors might give an indication about 
the possible function of the ARC complex in cell division. Histone H4 (At1g07660) is 
associated with the DNA and could be involved in ARC1 binding to the chromosomes, during 
At number Protein name Peptide 
Count 
Protein 
Score 
Best 
Ion 
Score 
At1g07660 histone H4 1 36,00 29,89 
At1g10260 putative lectin receptor kinase 8 64,00  
At1g17000 alpha, alpha-trehalose-phosphate synthase, UDP-forming, 
putative 
14 72,40  
At1g21920 Phosphatidylinositol-4-phosphate 5-kinase, putative 8 65,90  
At1g55890 pentatricopeptide (PPR) repeat-containing protein 12 70,20  
At1g63940 monodehydroascorbate reductase, putative 8 63,90  
At1g71180 6-phosphogluconate dehydrogenase NAD-binding domain-
containing protein 
8 65,80  
At1g76690 strong similarity to 12-oxophytodienoate reductase 9 63,60  
At2g13690 PRLI-interacting factor, putative 9 65,90  
At2g14690 1,4-beta-xylan endohydrolase 13 71,70  
At2g24650 transcriptional factor B3 family protein 17 71,20  
At3g49920 porin, putative 5 62,50  
At3g55000 Tonneau 1a 6 72,80 41,59 
At4g21270 kinesin-like protein A (katA) 12 62,80  
At5g02500 heat shock cognate 70 kDa protein 1*  6 99,90 95,30 
At5g07120 phox (PX) domain-containing protein 7 61,80  
At5g09590 heat shock protein 70 / HSP70 (HSC70-5)* 5 100,00 99,90 
At5g28540 luminal binding protein 1* 14 67,20  
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kinetochore formation. KatA (also named ATK1, At4g21270) is a microtubule-associated 
protein, more specifically a kinesin motor, involved in spindle organization. The tonneau1a 
protein was identified as an interaction partner of both ARC1 and AUR1 (see Chapter 2). 
Since the tonneau mutants are defective in PPB and cell plate positioning (Camilleri et al., 
2002), and tonneau 1a localizes to the PPB (Van Damme, personal communication), the 
absence of ARC1 could disturb the positioning of the new cell walls, as was detected in the 
arc1arc2 mutants. 
The At1g21920 protein is a putative phosphatidylinositol-4-phosphate 5-kinase, containing a 
MORN (membrane occupation and recognition nexus) motif. Not only in mammalian cells 
but also in plants, it was shown that MORN motifs contributed to membrane targeting and 
could bind the lipid second messenger molecule phosphatidylinositol 4,5-bisphosphate 
[PI(4,5)P2](Ma et al., 2006). PIP2 plays critical roles in the regulation of membrane 
trafficking, cytoskeleton organization, and signal transduction (Gamper and Shapiro, 2007). 
ARC1 localized to the plasma membrane, although it contained no transmembrane domains or 
other membrane targeting signals. Consequently, it would be interesting to test if ARC1 is 
associated with the membrane through its interaction with this putative PIP kinase, and 
whether the membrane localization pattern of ARC1 could be disturbed by interfering with 
phospholipid signaling. 
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Discussion 
ARC encodes a novel plant-specific protein 
In animals the activity, localization, stability and substrate specificity of the Aurora B kinases 
is determined by their interaction with binding partners such as Survivin, Borealin and 
INCENP, forming the chromosomal passenger complex (for review see Ruchaud et al., 2007). 
In contrast to this, no information is available about complexes and mechanisms that regulate 
the function of the plant Aurora kinases. Although AUR1 and AUR2 display some of the 
dynamic properties of the chromosomal passengers, including association with the 
centromeres, relocalization to the spindle midzone, and finally concentration at the center of 
the cytokinetic apparatus (Demidov et al., 2005), no homologues of any other known 
chromosomal passenger proteins, are identified in plants. Thus, suggesting that either 
chromosomal passenger complexes do not exist in plants or if they do, they have a different 
constitution. In addition, because plants do not possess centrosome-like structures (Vaughn 
and Harper, 1998), the plant specific functions of AUR kinases might require a different type 
of interactions. Here, we describe the identification of a novel plant-specific Aurora binding 
partner, called ARCTICA1. ARC1 first associated with the kinetochores, and translocated to 
the developing cell plate during cytokinesis resembling the behaviour of chromosomal 
passenger proteins in animals. ARC1 is an unknown protein that belongs to a small family of 
two (ARC1 and 2) in the Arabidopsis genome. The proteins from this family are annotated as 
putative phospholipases, but no experimental evidence of this could be found in the literature. 
ARC1 and 2 contain a characteristic C-terminal domain annotated as pEARLI-4 (for early 
Arabidopsis aluminium (Alu)-induced genes). Our deletion analysis showed that the pEARLI-
4 domain in ARC is essential for the AUR interaction. The expression of pEARLI-4 domain 
containing proteins including ARC1 and 2 was upregulated after aluminium treatment in both 
Arabidopsis (Richards et al., 1998) and rye (Milla et al., 2002). However, the function of this 
domain in Alu stress is unknown. None of the other Arabidopsis proteins containing this 
domain have been characterized yet. Recently, it has been shown that Alu stress could be 
sensed by plants through microtubules in close interaction with phospholipases, suggesting a 
direct link between Alu stress and the cytoskeleton (Pejchar et al., 2007). Blast analysis 
identified only two putative poplar ARC homologues, suggesting that ARC family is not 
represented in all plant species. A possible explanation could be that the ARC genes evolve so 
quickly that a similarity cannot be traced after a certain evolutionary distance, as described for 
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some orphan fast-evolving genes in Drosophila (Domazet-Loso and Tautz, 2003). Such genes 
diverge with rates between 0.3% and 1% per million years, implying that it would not even be 
possible to trace them amongst all Diptera. One hypothesis is that orphan genes are involved 
in specific ecological adaptations that can change over time. Besides its cell division 
localization, ARC1 shows specific membrane localization. This suggests that ARC proteins 
have acquired an additional function in plants, not necessarily related to cell division. It is 
possible that ARC function as a signaling molecule between the cytoskeleton and the 
membrane. According to publicly available expression data, ARC is highly upregulated in 
several pathogen responses, where rapid and drastic cytoskeletal rearrangements are required. 
In the dynamic interactions between plants and pathogens, fast evolutionary changes are 
required, which could explain the low homology of ARC proteins with other species. Non-
significant homology could be found between ARC1 and human chromosome segregation 
ATPases (data not shown), therefore it would be interesting to look for a conserved motif 
between ARC1 and these proteins in other systems. Additionally, 3D-blast analysis could help 
to identify homology at the structural level. 
ARC can interact with AUR in different tissues and cell compartments 
Our yeast two-hybrid, protein pull-downs and kinase assays showed that ARC1 is a novel 
interacting protein and a substrate of AUR in vitro. It will be interesting to test the specificity 
of the Aurora phosphorylation by repeating the ARC1 kinase assay in the presence of the 
Aurora B inhibitor Hesperadin. Expression and promoter GUS analyses have shown that AUR 
and ARC could interact in various tissues in vivo, most probably in root tips, leaves 
(vasculature or stomata) and flowers. On a subcellular level, AUR1 and AUR2 have been 
described to localize to the spindle microtubules and the cell plate (Demidov et al., 2005). 
Since the ARC1 localization resembles the outer kinetochores and the cell plate, the 
interaction between ARC1 and AUR1/2 could either take place at the kinetochore-
microtubule attachment sites, or at the cell plate, with a possible role in kinetochore-
microtubule regulation or cytokinesis. 
 
The function of ARC and AUR in the kinetochore-microtubule attachment. 
The chromosome passenger complex (CPC) in animals controls chromosome condensation, 
kinetochore-microtubule attachments, and spindle checkpoint signaling during mitosis (for 
review see Ruchaud et al, 2007), thus, providing an essential mechanism for mitotic 
regulation. Previous studies have shown that Aurora B monitors the incorrect kinetochore-
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microtubule attachment, and senses the tension between sister centromeres (for review see 
(Ruchaud et al., 2007). Treatment with Hesperadin, an Aurora B kinase inhibitor, caused an 
elevated frequency of chromosomes with syntelic attachment, where both sister kinetochores 
attach to microtubules from the same spindle pole (Hauf et al., 2003). In budding yeast, 
Aurora/Ipl1 phosphorylates several kinetochore targets, such as components from the Dam1 
complex that encircles kinetochore microtubules near their plus ends (Biggins et al., 1999; 
Kang et al., 2001). Because of the localization of the plant Aurora’s at the spindle 
microtubules (AUR1, 2), chromosomes/kinetochores (AUR3) and cell plate (AUR1, 2), it was 
expected that the AURORA-mediated regulation of ‘centromere-kinetochore-microtubule’ 
linkage in mitotic cells would be conserved in plants as well (Demidov et al., 2005; Kawabe 
et al., 2005). Indeed, treatments with Hesperadin on plant cells caused defects in chromosome 
segregation and delayed transition from metaphase to anaphase, similar to the effect in animal 
cells (Kurihara et al., 2006). In AtAUR3-overexpressing BY-2 cells, spindle microtubules 
become disassembled and the orientation of cell division is altered (Kawabe et al., 2005). It is 
suggested that the overexpression of AUR3, which normally localizes to the chromosomes, 
might influence microtubule dynamics and therefore disturb spindle assembly. This would 
ultimately result in abnormal cell plate positioning. The observed double-dot kinetochore 
localization of ARC1 is similar to the typical outer kinetochore localization of, for instance 
the Dam1 complex in yeast (Biggins et al., 1999; Kang et al., 2001). Thus, ARC1 could be 
well positioned to facilitate the interaction between the kinetochores and the microtubules, 
under the control of AUR1 and AUR2. ARC1 does not interact with AUR3, since AUR3 
localizes to the centromeres but not to the outer kinetochore (Model in Figure 3.15). The 
occasional localization of ARC1 along microtubules in BY-2 and Arabidopsis could suggest 
that ARC1 has affinity for MT binding, which is visualized due to the 35S overexpression. 
 
Figure 3.15: Interactions between ARC and 
AUR proteins at metaphase. Localization of 
AUR1 and AUR2 are shown in dark grey and 
light grey respectively. AUR1 and AUR2 
localize along the kinetochore microtubules 
(black), while AUR3 localizes to the 
centromere (blue). ARC1 (green) localizes in 
a typical double-dot kinetochore pattern. 
ARC1 can interact directly with AUR1 and 
AUR2 at the kinetochore-MT interaction, or 
along the microtubules, but not with AUR3. 
Indirect interaction between ARC1 and 
AUR3 could be possible through an unknown 
common binding partner (white).  
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Histone H4 was found as an ARC1 binding partner in the ARC1 TAP experiments. This could 
suggest that Histones are directly involved in the correct targeting of ARC1 to the 
kinetochores, possibly in a complex with AUR1. It was previously demonstrated that as in 
animals, plant AURs phosphorylated Histone H3 in vitro and colocalized with phosphorylated 
Histone H3 during mitosis (Demidov et al., 2005). When the Histone H3 phosphorylation was 
impaired by depletion of Aurora B in Drosophila and C. elegans, the cells suffered from 
impaired chromosome condensation and segregation (Adams et al. 2001; Giet and Glover 
2001). Although the function of cell cycle dependent histone phosphorylation remains still 
controversial, it has been proposed that histone phosphorylation may act as a marker to 
identify different domains of the chromosomes (Houben et al., 2007). Histone modifications 
could then control the binding of non-histone proteins to the chromatin fibre. An interesting 
example of this is CENP-A (a mammalian histone H3 variant) that can specify precisely 
where mammalian kinetochores form by changing the structure of heterochromatin within a 
sub-region of the centromere (Van Hooser et al., 2001). This mechanism is necessary to target 
the other kinetochore-proteins to the right place. 
 
The function of ARC and AUR in the cell plate positioning 
Another function that requires chromosomal passenger activity in animals includes the 
completion of cytokinesis (for review see Vader et al., 2006; Ruchaud et al., 2007). 
Additional evidence for the function of ARC1 was given by preliminary analysis of the ARC1 
RNAi/arc2-1 mutant plants. The ARC1 RNAi/arc2-1 plants showed reduction in growth, with 
small cotyledons compared to wild-type plants. Propidium Iodide staining indicated that the 
root architecture was disturbed, containing large multinucleated cells, which suggests defects 
in cytokinesis as seen in other Arabidopsis mutants such as knolle, keule, hinkel, and pleiade 
(Liu et al., 1995; Assaad et al., 1996; Lukowitz et al., 1996; Yang et al., 1999; Strompen et 
al., 2002).  
Genes required for cytokinesis in somatic plant cells can normally be divided in two classes: 
genes required for the proper orientation of the plane of division, or for the execution of 
cytokinesis itself. fas/tonneau, discordia, and tangled (for review see Sylvester, 2000; Smith, 
2001) mutants are implicated in regulating the plane of division, while KNOLLE, KEULE, 
and HINKEL genes of Arabidopsis are required for the execution of cytokinesis (Liu et al., 
1995; Assaad et al., 1996; Lukowitz et al., 1996; Yang et al., 1999; Strompen et al., 2002).  
The irregularly positioned cell walls in ARC1 RNAi/arc2-1 are reminiscent of mutants 
deficient in cell plate positioning, such as the tangled mutation (Walker et al., 2007), which 
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also shows aberrant cell walls in the root tips. Since both AUR1 and AUR2 localize to the 
preprophaseband (Demidov et al., 2005), a possibility is that PPB-derived markers of cell 
division orientation are influenced by AUR1 or 2 in the absence of ARC. In our AUR1/ARC1 
TAP purification screens (Chapter 2 and this Chapter), we identified the tonneau1a protein as 
an interaction partner of both ARC1 and AUR1. Since the tonneau mutants are defective in 
PPB and cell plate positioning, and tonneau 1a localizes to the PPB (Van Damme, personal 
communication), the absence of ARC1 could disturb the positioning of the new cell walls, as 
was detected in the ARC1 RNAi/arc2-1 mutants. As a conclusion, we have described the 
identification of a novel Aurora1 substrate, called Arctica1, and the interaction was confirmed 
in yeast two-hybrid, in vitro binding assays and radioactive kinase assays. This protein 
showed an intriguing localization pattern that suggested that ARC1 was important for cell 
division in plants, possibly by being part of the chromosomal passenger complex. 
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Materials and Methods 
Sequence identification, cloning and domain analysis 
The original cDNA for Arctica1 was retrieved form a custom-made yeast two-hybrid cDNA 
library (Invitrogen), based on RNA from Col0 Arabidopsis suspension cells. The ARC1 
cDNA contained bp 7-1149 (stop), including a polyA tail. The ARC2 gene was identified by 
its close homology with ARC1. After RNA purification using oligo dT(25) coated Dynabeads 
(Dynal, Oslo, Norway) and cDNA synthesis with the Superscript III Reverse Transcriptase 
(Invitrogen), Polymerase Chain Reactions (PCR) cloning reactions were performed using 
Takara ExTaq Polymerase (Madison, USA), according to the manufacturer’s instructions.  
The following primers were used for the cloning of full-length ARC2: 
5’ GTACAAAAAAGCAGGCTCCATGGATTTCAATAGAAAAGCTC 3’, 
5’ GTACAAGAAAGCTGGGTCTCACAGAAGCTCATCTATAA 3’ (stop) and  
5’ GTACAAGAAAGCTGGGTCCAGAAGCTCATCTATAAACG 3’ (no stop). 
We used the BLAST amino acid sequence tool to search the Arabidopsis genome for other 
Arctica family members (www.ncbi.nlm.nih.gov/BLAST). The resulting Arctica family 
members were selected by overall identity and similarity scores. Intron/Exon structure was 
described with the Gbrowse tool on the TAIR website (www.arabidopsis.org). To analyze the 
domain structure, the PFAM database (Sanger Institute) was used to generate a pEARLI4 
domain alignment (http://pfam.sanger.ac.uk/family/alignment/). 
Construction of GFP- fusions of full-length genes and deletion fragments 
Gateway BP-reactions (Invitrogen) were performed to transfer the cDNA of ARC1 from the 
yeast vector pEXP-AD502 to the Gateway entry clone pDONR221 (Invitrogen). BP-reactions 
were also carried out to transfer the PCR products of ARC2 (full length) to pDONR221. To 
analyze the putative domains of ARC1, deletion fragments were constructed by ExTaq PCR 
analysis with the following primer combinations;  
for ARC1 fragment containing bp. 1-240  
5’ GTACAAAAAAGCAGGCTCCATGGATGTCAATCGGAAAGCTCACCC 3’ and  
5’ GTACAAGAAAGCTGGGTCAACCTTTGGGGTATTAGCAG 3’;  
for fragment bp. 1-462 
5’ GTACAAAAAAGCAGGCTCCATGGATGTCAATCGGAAAGCTCACCC 3’ and  
5’ GTACAAGAAAGCTGGGTCTTCATGCCCTTGAGGTCGTG 3’;  
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for fragment bp. 1-717 
5’ GTACAAAAAAGCAGGCTCCATGGATGTCAATCGGAAAGCTCACCC 3’ and  
5’ GTACAAGAAAGCTGGGTCTAGCTTGCAGTTTGCTGCTA 3’; 
for fragment bp 1-957 
5’ GTACAAAAAAGCAGGCTCCATGGATGTCAATCGGAAAGCTCACCC 3’ and  
5’ GTACAAGAAAGCTGGGTCAGACCTCACCAATCCTTCTT 3’;  
for ARC1 full-length fusion (without stop) bp. 1-1146 
5’ GTACAAAAAAGCAGGCTCCATGGATGTCAATCGGAAAGCTCACCC 3’ and  
5’ GTACAAGAAAGCTGGGTCCAGAAGTTCATCAAGAAACG 3’; 
for fragment bp. 241-1149 
5’ GTACAAAAAAGCAGGCTCCCGTCAATCAAGACCTTCACC 3’ and  
5’ GTACAAGAAAGCTGGGTCTCACAGAAGTTCATCAAGAA 3’;  
for fragment bp. 463-1149 
5’ GTACAAAAAAGCAGGCTCCCACAGTGGCAAGAATGACAC 3’ and  
5’ GTACAAGAAAGCTGGGTCTCACAGAAGTTCATCAAGAA 3’;  
for fragment bp. 718-1149 
5’ GTACAAAAAAGCAGGCTCCGAATCAGCATCAATGCGATC 3’ and  
5’ GTACAAGAAAGCTGGGTCTCACAGAAGTTCATCAAGAA 3’;  
for fragment bp. 958-1149 
5’GTACAAAAAAGCAGGCTCCAAGAAACAAGAAATGGAGATTCAAGAAGCTGATT
3’ and 5’ GTACAAGAAAGCTGGGTCTCACAGAAGTTCATCAAGAA 3’. 
All PCR fragments were cloned into pDONR221 entry clones with BP-reactions. After E. coli 
transformation, eight colonies were selected for DNA prepping and restriction analysis with 
PvuII. The inserts of the correct entry clones with stops were transferred to the plant Gateway 
'destination vector' pK7WGF2 (GFP) or pH7WGR2 (RFP) (Karimi et al., 2002) in order to 
create GFP or RFP N-terminal fusions downstream of the strong constitutive 35S promoter. 
The constructs without stops were transferred to the C-terminal destination vector pK7FWG2 
(Karimi et al., 2002). After E. coli transformation and DNA prepping, plasmids from 8 
colonies were checked by EcoRV restriction digest.  As a result all correct GFP/RFP fusions 
were transferred to the Agrobacterium tumefaciens strain LBA4404.pBBR1MCS-
5.virGN54D (van der Fits et al., 2000). 
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Cell suspension cultures and transformation 
Arabidopsis thaliana L. Heyhn. Landsberg erecta cells were grown at pH 5.8 in Murashige 
and Skoog (MS) medium containing 4.43 g MS, 30 g sucrose, 500 µg NAA and 50 µg kinetin 
per liter. The Arabidopsis cells were cultured at 25°C in the dark on a rotating platform at 
150 rpm. Nicotiana tabacum L. Bright Yellow-2 (BY-2) cells were grown in medium with 
4.302 g MS, 0.2 g KH2PO4, 30 g sucrose, 0.02 mg 2,4-dichlorophenoxyacetic acid , 0.05 mg 
thiamine and 5 mg myo-inositol per liter (pH5.8). BY-2 cells were cultured under the same 
incubation conditions as Arabidopsis cells. 
The constructed GFP/RFP-interactor fusions were transformed into BY-2 cells following the 
previously described protocol (Geelen and Inze, 2001). The co-cultivation of BY-2 cells with 
the transformed Agrobacteria resulted in several transgenic BY-2 calli. Between 10 and 100 
BY-2 calli were transferred to fresh medium and inspected for GFP fluorescence with an 
epifluorescence microscope (Axioskop; Zeiss, Heidelberg, Germany). When no EGFP 
fluorescence could be detected, instability of the fusion protein, lack of expression due to 
silencing or counterselection were assumed (Joubes et al., 2001). The Arabidopsis cells were 
transformed according to (Van Leene et al., 2007). After selection in liquid medium, Western 
blot analysis was performed to check whether the TAP-fusion was present with the expected 
size. Arabidopsis thaliana (L.) Heynh. Ecotype Columbia (Col-0) plants were transformed by 
Agrobacterium-mediated transfection using the floral dip method (Clough and Bent, 1998) 
Microscopy 
GFP/RFP-positive calli were mixed with 150 ul of 1.5% low melting agarose and fixed with 
poly-L-lysine onto the bottom of a 1-well coverglass chamber (Lab-Tek, Naperville, IL). The 
cells were covered with 750 ul of fresh BY-2 medium to prevent drying out.  Under these 
conditions, BY-2 cells carried on dividing and could be monitored overnight by confocal 
microscopy (Zeiss 100M). Arabidopsis seedlings were captured between slide and cover glass 
and used for z-stack scanning. The confocal microscope was equipped with LSM510 software 
version 3.2. An argon ion laser generated 488-nm light for EGFP excitation. Dual GFP and 
RFP excitation was imaged with a multichannel setting with 488 nm and 543 nm light for 
GFP and RFP excitation respectively.  A 63X water corrected objective with a numerical 
aperture of 1.2 was used to scan the samples. The images were captured with the LSM510 
image acquisition software version 3.2 (Zeiss). For transmission light images, differential 
interference contrast optics settings were used. Projections were obtained from approximately 
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30 serial optical sections, 0.5 µm apart to cover two-thirds of the cell depth. Images were 
exported as TIFF files and processed with Adobe Photoshop (Mountain View, CA).  
Yeast two-hybrid interaction assays 
The ProQuest™ Two-hybrid System with Gateway™ Technology (Invitrogen, Carlsbad, CA) 
was used for interaction assays, as described by the manufacturer. The pDONR221 entry 
clones as described above were used in Gateway LR-reactions to generate bait and prey 
plasmids. The bait sequences Aurora1, Aurora2 and Aurora3 were fused to the GAL4 DNA 
binding domain by LR-reactions to the pDEST32 expression vector. Prey plasmids were made 
by transferring the ARC1, ARC2 and ARC1 deletion fragments to the pDEST22 vector, 
containing the GAL4 activation domain (AD). Yeast plasmids containing bait and prey DNA 
were retransformed into Saccharomyces cerevisiae strain Mav203 via a modified lithium 
acetate protocol (Clontech). 4 to 8 positive co-transformants were selected and inoculated for 
2 days in medium without Leucin or Tryptophane at 30°C.  After diluting all cultures to OD 
0.2 (manually or automatically with Tecan Biogenesis Workstation), 10 µl of the yeast 
cultures was spotted on SD medium without Leucin, Tryptophane or Histidine with a range of 
concentrations of 3-Aminotriazole (15mM, 25mM, 50mM, and 100mM), a Histidine 
biosynthesis inhibitor. The Uracil reporter expression was tested by growing the yeast cells on 
medium without Leucin, Tryptophane or Uracil. β-galactosidase activity was detected in the 
presence of X-gal (5-bromo-5-chloro-3-indoyl-β-D-galactoside). Interaction of the candidate 
protein pairs was scored by growth of the yeast cells on selective media after incubation at 30 
°C for at least 48h. To check for auto-activation, we tested co-transformation with the empty 
bait and prey vectors as well. 
Protein expression in Escherichia coli 
To generate in frame GST-fusions with the ARC1 protein, the ARC1 CDS was transferred 
from pDONR221 to the pDEST15 vector with an LR-reaction (Invitrogen). The resulting 
correct plasmid was transformed into the BL21 E. coli strain (Invitrogen). The transformants 
were grown at 37°C to an OD of 0.5-0.7, followed by induction with 1mM isopropyl β-d-
thiogalactoside (IPTG). The cultures were allowed to continue growing for a further 4-5 
hours. The E.coli extracts were tested with Western blot to confirm that the GST-ARC1 
fusion was present in the soluble fraction. After sonication of E. coli cells, GST-ARC1 fusion 
purification was performed using glutathione-Sepharose 4B beads (Amersham Biosciences). 
Before pull down analysis, the beads were washed three times with Phosphate Buffered Saline 
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(PBS) and Complete protease inhibitor mixture (Roche Diagnostics). For subsequent 
radioactive kinase analysis, the GST-ARC1 fusion was eluted from the beads using elution 
buffer (50 mM Tris-HCl pH 8.0, 10 mM reduced glutathione (Amersham Biosciences). 
Protein expression in Arabidopsis suspension cells 
The Aurora1 cDNA was cloned into the NTAPi vector (Rohila et al., 2004) using a Gateway 
LR-reaction and transformation into Arabidopsis cells PSB-D was performed as described 
above. After confirming the presence of the N-terminal TAP-Aurora1 fusion with Western 
blot, cells were harvested 3 days after subculturing, frozen in liquid nitrogen and 
homogenized. Crude protein extracts were prepared in an equal volume (w/v) of extraction 
buffer (25 mM Tris‑HCl, pH 7.6, 15 mM MgCl_2 , 5 mM EGTA, 150 mM NaCl, 15 mM /p/‑
nitrophenylphosphate, 60 mM β‑glycerophosphate, 0.1% Nonidet P‑40 (NP‑40), 0.1 mM 
sodium vanadate, 1 mM NaF, 1 mM DTT, 1 mM PMSF, 10 µg/mL leupeptin, 10 µg/mL 
aprotinin, 5 µg/mL antipain, 5 µg/mL chymostatin, 5 µg/mL pepstatin, 10 µg/mL soybean 
trypsin inhibitor, 0.1 mM benzamidine, 1 µM /trans/‑epoxysuccinyl‑l‑leucylamido‑ (4‑
guanidino) butane (E64), 5% ethylene glycol) using an Ultra‑Turrax T25 mixer (IKA Works, 
Wilmington, NC) at 4°C. The soluble protein fraction was obtained by a two-step 
centrifugation at 36900 g for 20 min and at 178000 g for 45 min, at 4°C. The extract was 
passed through a 0.45 µm filter (Alltech, Deerfield, IL). Total protein extract was incubated 
for 1 h at 4°C under gentle rotation with 500 µL IgG Sepharose 6 Fast Flow beads (GE‑
Healthcare, Little Chalfont, UK), pre-equilibrated with 10 mL extraction buffer. The IgG 
Sepharose beads were transferred to a 1 mL Mobicol column (MoBiTec, Goettingen, 
Germany) and washed with 10 mL IgG wash buffer (10 mM Tris‑HCl, pH 8.0, 150 mM 
NaCl, 0.1% NP‑40, 5% ethylene glycol) and 10 mL TEV buffer (10 mM Tris‑HCl, pH 8.0, 
150 mM NaCl, 0.1% NP‑40, 0.5 mM EDTA, 1 mM PMSF, 1 µM E64, 5% ethylene glycol). 
Bound complexes were eluted via AcTEV digest (2x 100U, Invitrogen) for 1 h at 16°C. The 
resulting TAP-eluate containing Aurora1 complexes was used for subsequent pull-down and 
radioactive kinase assays. 
Tandem Affinity Purification 
The Tandem Affinity purification procedure was performed according to Van Leene et al. 
(2007), as described in Chapter 2. In short, the ARC1 coding sequence was cloned by 
recombination into the NTAPi vector generating a Pro35S:TAP-ARC1 cassette. Arabidopsis 
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cell suspension cultures were stably transformed by Agrobacterium-mediated co-cultivation. 
Transformed Arabidopsis cells were selected and transferred to liquid medium for upscaling. 
Expression levels of TAP-tagged proteins were checked by protein blotting with an anti-CBP 
antibody (data not shown).   
In Vitro Binding Assays 
In vitro binding assays were previously modified for requirements of precipitation from 
Arabidopsis extracts (Grebe et al., 2000). After GST-purification of ARC1, the Glutathione–
Sepharose beads were blocked with 1% milk powder in PBS and 1% Triton X-100 for 30 min, 
washed with PBS and 1% Triton X-100, blocked with 2% BSA in PBS and 1% Triton X-100 
for 30 min, and washed once with PBS. Protein extraction and binding assays were kept on 
ice. The 100 µl of the TAP-Aurora1 TEV eluate was added to the glutathione–Sepharose 
beads (25-µL bed volume) carrying the GST-ARC1 fusion protein. As negative controls, pure 
GST coupled to the beads and beads alone were used. Reactions were incubated for 1 hr at 
4°C under gentle rotation. After three washes with Bead Binding buffer (50 mM potassium 
phosphate, pH 7.5, 150 mM KCl, 1 mM MgCl2, 5% glycerol, protease inhibitor mix (Roche 
Diagnostics) and 1% Triton X-100), beads were resuspended in 25 µL of 1X SDS sample 
buffer and proteins were eluted at 95°C for 5 min. Beads were pelleted, and the supernatant 
was used for SDS-PAGE, allowing immunodetection with anti-CBP and anti-ARC1 
antiserum at 1/1000 dilution. Rabbit polyclonal antibodies were raised against a peptide 
(CGSFGKKKTESQPPS) of the ARC1 protein. The antibody was tested by western-blot on 
extracts of wild-type and TAP-ARC1 overexpressing Arabidopsis cell cultures and compared 
to the pre-immune serum (data not shown).   
Radioactive kinase assays 
Histone H3 kinase assay was carried out by incubating 20 µL TAP-Aurora1 TEV eluate with 
2µCi [γP32 ] ATP in the presence of 35 µg histone H3 (Sigma), cAMP-dependent kinase 
inhibitor, 50mM Tris-HCl (pH 7.8), 15mM MgCl2 , 5mM EGTA, and 1mM DTT (total 
volume 40 µl). The ARC1 kinase assay was carried out in the same conditions, but in stead of 
Histone H3, 12.5 µl of GST-ARC1-eluate was used. For the negative controls, we incubated 
10 ug pure GST (Sigma), or 12.5 µl glutathione–Sepharose beads with the kinase reaction 
mix. After 20 minutes of incubation at 30°C, the reaction was stopped by heating the samples 
at 95°C in the presence of SDS-PAGE sample buffer. Samples were analyzed on a 15% SDS-
PAGE gel, stained with Coomassie Brilliant Blue, and autoradiographed.  
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Cloning of promoter-GUS fusions 
PCR reactions with Takara ExTaq Polymerase (Madison, USA) were performed according to 
the manufacturer’s instructions using the following primers: promoter ARC2 5’ 
GGGGACAACTTTGTATAGAAAAGTTGGACATGTTGCATGAATGAAAAAGAATGG
TCGT 3’ and 5’ 
GGGGACTGCTTTTTTGTACAAACTTGTAGCTTTTTGATGAATGGAACAAC 3’; 
promoter ARC1 5’ 
GGGGACAACTTTGTATAGAAAAGTTGTATATTCAAAATATCTACAATTCATATAT
A 3’ and GGGGACTGCTTTTTTGTACAAACTTGTAGCTTAATCAATATCTAGATTCA 
3’. BP cloning reactions were performed to transfer the PCR products into pDONRP4P1R and 
Multisite LR-reactions transferred the promoter sequences, GUS cassette and terminator to 
destination vector pKm34GW to generate promoter-GUS fusions. The correct clones were 
transformed into the Agrobacterium tumefaciens strain LBA4404.pBBR1MCS-5.virGN54D 
(van der Fits et al., 2000). 
Plant Material and Growth  
After floral-dip transformation of Col0 Arabidopsis plants with the Arctica promoter-GUS 
fusions and Arctica 35S-GFP constructs, the Arabidopsis thaliana Heynh. ecotype Col-0 
seeds were selected with Kanamycin (50 mg/l). The seeds were always germinated on 
medium derived from standard Murashige and Skoog medium on vertically oriented square 
plates (Greiner Labortechnik) in a growth chamber under continuous light (110 µE·m−2·s−1 
photosynthetically active radiation, supplied by cool-white fluorescent tungsten tubes; Osram) 
at 22°C. 
Expression analysis 
Histochemical reactions 
The histochemical GUS colour reactions were carried out according to standard protocols 
(Jefferson et al., 1987). The young seedlings were incubated in 90% acetone for 2 h at 4°C. 
After the material had been washed in phosphate buffer, it was immersed in the enzymatic 
reaction mixture (1 mg/mL of 5-bromo-4-chloro-3-indolyl β-d-glucuronide, 2 mM 
ferricyanide, and 0.5 mM of ferrocyanide in 100 mM phosphate buffer, pH 7.4). The reaction 
was performed at 37°C in the dark for 1 h to overnight and all samples were cleared by 
mounting in 90% lactic acid (Acros Organics), enabling analysis of the samples by 
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differential interference contrast microscopy (Leica DMLB). Photographs were taken with a 
CAMEDIA C-3040 zoom digital camera (Olympus) and processed with Photoshop 7.0 
(Adobe Systems). 
 
Quantitative RT-PCR 
RNA was extracted from different anatomical parts of Arabidopsis seedlings using the 
RNeasy kit (QIAGEN) and cDNA was prepared from 1 µg of total RNA with Superscript III 
reverse transcriptase (Invitrogen, Belgium). The quantifications were tested on an iCycler 
apparatus (Bio-Rad) with the Platinum SYBR Green qPCR Supermix-UDG kit (Invitrogen, 
Belgium) according to the manufacturer’s recommendations. PCR reactions were performed 
in 96-well optical reaction plates heated for 10 min to 95°C to activate hot start Taq DNA 
polymerase, followed by 40 cycles of denaturation for 60 s at 95°C and annealing extension 
for 60 s at 58°C. Target quantifications were performed with specific primer pairs designed 
with the Beacon Designer 4.0 (Premier Biosoft International, Palo Alto, CA). All PCRs were 
performed in triplicate. The primers used to quantify the expression levels were the following; 
for ARC1: 5' AATCAAGACCTTCACCAGTAGC 3’ and GATGGCTTCTCCTGCTTATGG, 
for ARC2: CCGCCTACACCGCTATCC and GCTACAGAATGATGAACCTTTGG. The 
expression levels were normalized to EEF and CDKA expression levels and the resulting data 
were analyzed using qBase v1.3.4 (Hellemans et al., 2007). 
 
Mutant analysis 
T-DNA insertion mutant analysis 
SALK_128686 was obtained from the SALK collection (Alonso et al., 2003). Genomic DNA 
was extracted and PCR reactions to identify the insertion were done using the LP and RP 
primers (TGTAGAGCATGTCACAACATGG and ATGCGATCCCGATACCTAGAG) that 
were recommended by the SIGNaL iSect Tool on www.arabidopsis.org. These primers were 
used in combination with the T-DNA-specific LBa1 primer 
(TGGTTCACGTAGTGGGCCATCG). Similarly, WiscDsLox44B07 was obtained from the 
WiscDsLox collection (Woody et al., 2007) and tested with LP, RP and LB primers 
(TTCTCCAATCTTCCCATTGTG, TTTTGTGGGGATCAATTTCAC and 
AACGTCCGCAATGTGTTATTAAGTTGTC respectively). 
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RNAi experiments 
The ARC1 Gene-Specific-Tag (GST) of 165 bp was identified in the CATMA database 
(Crowe et al., 2003). This tag was amplified with the primers 
(GTACAAAAAAGCAGGCTCCGCTGATCGTGGGAAACCCTT and 
GTACAAGAAAGCTGGGTCTCCCTCCTCGTAACCATTGT) and used for Gateway 
cloning in sense and antisense directions in the hairpin vector pK7GWIWG(II), using 35S 
overexpression (Karimi et al., 2002). After transformation in Col-0 background, transformants 
were identified by seedling resistance to 25 µg/ml kanamycin A (Duchefa), transferred to soil 
and grown to maturity.  
 PI staining 
4 day old wild-type and mutant Arabidopsis seedlings were stained with 30 µM Propidium 
Iodide and imaged after 5-min. incubation between slide and cover glass. Images were 
obtained as described above, with a confocal microscope 100M with software package 
LSM510 version 3.2 (Zeiss, Jena, Germany), using the settings for RFP excitation and 
emission (excitation = 543 nm, emission = 560 nm cutoff). 
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On the cover: GFP-ARCTICA2 localizes to the plasma membrane of tobacco BY-2 cells in a 
polar fashion (projection made with the confocal microscope). 
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Chapter 4: ARCTICA is a novel plant polar protein 
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Abstract 
ARCTICA1 (ARC1) was identified in a yeast two-hybrid screen for AUR1 interacting 
proteins and further confirmed to be an in vitro substrate of the AUR1 kinase. During cell 
division in prophase, metaphase and anaphase, ARC1 associated with the kinetochores and 
then translocated to the growing cell plate. In cell cultures and when expressed in Arabidopsis 
plants, ARC1 also associated with the plasma membrane in a polar fashion. The plasma 
membrane localization of ARC1 and its closest homologue ARC2 was dependent on the age 
of the cell culture, but not on the cell cycle phase. The nonionic detergent, Triton X-100 
disturbed the localization of ARC1, both in BY-2 as in Arabidopsis, suggesting that ARC1 is 
a plasma membrane associated protein. In contrast, the kinetochore localization of ARC1 was 
not membrane-dependent. To investigate whether the polar localization of ARC required 
intact cytoskeletal filaments, drug studies were performed with both with microtubule- and 
actin-depolymerizing agents. Although the polar plasma membrane localization of ARC1 was 
maintained after degradation of microtubules and actin filaments, we could detect an increase 
in membrane association of ARC1 in the presence of the actin depolymerizing drug 
Latrunculin B (LatB) in tobacco BY-2 cells. Because ARC1 did not accumulate in BFA 
compartments in the presence of an inhibitor of vesicle transport, Brefeldin A (BFA), we 
conclude that the ARC1 polar membrane localization is not dependent on vesicle trafficking. 
Finally, the phenotypic analysis of the ARC1 RNAi/arc2-1 double mutants suggested that 
ARC might function in regulating root hair and stomata patterning. 
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Introduction 
The development of multicellular organisms requires establishment of cellular and molecular 
asymmetry, strictly coordinated within different tissue contexts. The asymmetric intracellular 
localization of molecules can only be accomplished by persistent directional orientation along 
an axis, described as cell polarity (Cove, 2000). On the level of a whole organism, the cells 
cooperate to maintain directional orientation of molecules and cell shapes within a tissue 
(termed tissue polarity) or the plane of a tissue layer (known as planar polarity) (Grebe, 2004). 
In plants, several examples of cell polarity have been described. The best known process that 
relies on cell polarity is the polar transport of the plant hormone auxin. Auxin has been long 
described as an essential regulator of tissue polarity (Leyser, 2005; for review see Boutte et 
al., 2007), and recent research has unravelled specific molecular mechanisms involved in the 
polar localization of several players in auxin transport and responses. 
Auxin transport in a specific direction requires binding with polarly localizing auxin 
transporters and three families have been proposed to perform this function in plants. The first 
group of auxin transporters are the AUX1 (AUXIN RESISTANT1) permease-like proteins, 
who were described as potential auxin influx carriers (Kramer and Bennett, 2006). On the 
other hand, auxin efflux is thought to be mediated by the PIN-FORMED (PIN) family (Teale 
et al., 2006; Vieten et al., 2007) together with a group of multidrug resistance/p-glycoprotein 
(MDR/PGP) ATP-binding-cassette transporters (Geisler et al., 2005; Geisler and Murphy, 
2006). Intriguingly, interfering with the polar localization of PIN2 by switching the root 
epidermal PIN2 localization from apical to basal had a distinctive effect on root gravitopism 
and auxin response, thereby elegantly demonstrating that the specific polar localization of 
PIN2 is essential for the direction of auxin flow (Wisniewska et al., 2006). 
At the subcellular level, localization studies have demonstrated that PINs cycle in vesicles 
between the plasma membrane and an internal vesicular compartment, using transport along 
actin filaments (Steinmann et al., 1999; Geldner et al., 2001) The internalization of PIN 
proteins and AUX1 was sensitive to the vesicle transport inhibitor, BFA (Grebe et al., 2002). 
The actin cytoskeleton could be involved in guiding the vesicle transport and fixing the polar 
proteins to a specific location after delivery to the membrane. The proposed function of this 
rapid vesicular cycling is to allow fast redistribution of auxin carriers to a new site when the 
auxin transport has to change direction, in response to environmental stimuli such as light or 
gravity. Furthermore, the establishment and maintenance of polar AUX1 and PIN proteins 
depends on several pathways such as clathrin-mediated endocytosis (Dhonukshe et al., 2007), 
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phospholipid signaling (Li and Xue, 2007) and proteosomal degradation (Abas et al., 2006). 
Taken together these results suggested that the regulation of auxin carrier localization, 
transport and degradation is complex and highly dynamic (Boutte et al., 2007). 
Another well-known example of cell polarity in plants can be found at the apical plasma 
membrane of pollen tubes and root hairs, where rapid polar cell expansion is required. This 
mechanism is known as tip growth and it requires fast rearrangements of the actin 
cytoskeleton and membrane trafficking. Key regulators of polar tip growth are the Rac-ROP 
(Rho of plant) GTPases, who are responsible for signaling at the selected polar sites by their 
accumulation and activation at specific membrane domains. In all eukaryotic cells, Rho 
GTPases are molecular switches that cycle between GTP-bound (on) and GDP-bound (off) 
conformations and this cycle is tightly controlled by GDP/GTP exchange factors (GEFs) and 
GTPase activating proteins. An intriguing question is how these ROP proteins remain 
restricted to specific polar plasma membrane domains and several molecular mechanisms 
involved in this process have already been uncovered. In the model proposed by Kost (2008), 
the Rops are inactivated at the flanks of the pollen tube tip by the negative regulator, RhoGAP 
(Rho GTPase Activating Protein). This RhoGAP specifically localizes to the flanks of the 
pollen tube and inactivates the ROPs by promoting their GTPase activity (Klahre and Kost, 
2006). As a result, this mechanism would explain how the ROPs could discern between the 
active tip and the inactive flanks during tip growth.  
Other ROP regulators are the Rho GDIs (Rho GDP dissociation inhibitors), who transfer 
inactive ROP GTPases from the plasma membrane to the cytoplasm and then bring them back 
to the tip, where they are reactivated by the combined action of RhoGDFs (GDI-displacement 
factors) and RhoGEFs (Guanine nucleotide exchange factors) (Klahre et al., 2006). Taken 
together, the functional interactions between distinctly localized RhoGAP’s, RhoGDIs, 
RhoGEFs and RhoGDFs could explain the constant Rac-ROP recycling mechanism from the 
flanks of the tip to the apex (Kost, 2008). 
Spatial control of the ROP proteins is not only dependent on interaction with the described 
regulators, but also on phospholipid signaling. The phospholipid PIP2 (phosphatidylinositol-
4,5-bisphosphate or PtdIns(4,5)P2) specifically accumulates at the apex of pollen tubes (Kost 
et al., 1999) and this signaling lipid might function both upstream as downstream of ROP 
activation: on one hand by promoting the fusion of secretory vesicles with the plasma 
membrane, and on the other hand by destabilizing ROP-RhoGDI complexes (Faure et al., 
1999). This would potentially create a positive feedback loop necessary for the polarization of 
Rac-ROP signaling. PLCs (Phosphatidylinositol-pospholipase C) associated with the plasma 
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membrane specifically at the flanks of the tips, where they restrict the lateral spreading of 
PtIns(4,5)P2 and thereby maintain the polarity of Rac-ROP signaling and cell expansion 
(Dowd et al., 2006; Helling et al., 2006).  
ROP signaling is not only involved in tip growth, but also in cell morphogenesis, hormone 
signaling, defence and responses to oxygen deprivation (Gu et al., 2004; Berken, 2006; 
Brembu et al., 2006; Nibau et al., 2006). An interesting example of polar ROP functioning is 
its role in cell morphogenesis of plant pavement cells. The typical jigsaw-puzzle shape of 
these cells is achieved by ROP2 coordination of lobe-associated actin microfilaments and 
indentation-associated microtubules (MTs) through two effectors RIC4 and RIC1 (Fu et al., 
2002; Fu et al., 2005). To conclude, ROP proteins are interesting candidates to study the 
mechanisms involved in polar localization to specific plasma membrane domains.  
A group of plant proteins that also show polar localization are nutrient transporter proteins, 
such as the silicon transporter Low silicon rice 1 gene (LSi1) (Ma et al., 2006). Lsi1 localizes 
anisotropically in the roots at the distal sides of both the exodermis and endodermis (Ma et al., 
2006; Yamaji and Ma, 2007), which suggests that Lsi1 is required for the directional transport 
of Si through the cells. Polar localization of plant nutrient transporters has been also reported 
for the maize water channel, ZmPIP2;5 (Hachez et al., 2006) and the potato phosphate 
transporter, StPT2 (Gordon-Weeks et al., 2003). Recently, the Boron transporter AtBor4 was 
found to localize in a polar fashion at the outer side of the root cap cells and overexpression of 
this protein resulted in higher tolerance of the plants to Boron toxicity, suggesting that the 
polar localization of BOR4 is important for the directional export of Boron from the roots to 
the soil, to prevent toxic accumulation of Boron in the cells (Miwa et al., 2007). 
In this chapter, we describe a novel polar protein, ARC1. ARC1 localized to the plasma 
membrane both in tobacco BY-2 cells and Arabidopsis plants. The role of the cytoskeleton in 
this membrane localization was investigated by drug studies and subsequent time-lapse 
analysis. To test whether the targeting of ARC1 was similar to the targeting of the polar PIN 
proteins, the localization of the GFP-ARCTICA1 protein was monitored in the presence of 
Brefeldin A, which disturbs the endosomal recycling to the plasma membrane. Next, the 
ARC1 RNAi/arc2-1 double mutants showed branching root hairs and stomata defects, 
suggesting that ARC might function in regulating root hair and stomata patterning. 
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Results 
ARC1 and ARC2 are polarly localized in plant cells 
ARC1 was identified as a binding partner and a substrate of the Aurora kinase1. ARC1 
localized to kinetochores and the cell plate during cell division (see Chapter 2 and 3). 
However, when stably expressed in tobacco BY-2 cells under the 35S promoter, the N-
terminally GFP tagged ARC1 and its close homologue ARC2 also localized in the plasma 
membrane (Chapters 2, 3 and Figure 4.1A and B). 
 
 
 
The strong association of the GFP-ARC proteins with the plasma membrane was not 
homogenous, but asymmetrically distributed, for example at one side of the cell, or only at the 
cell tip (see arrows in Figure 4.1 A-C). 
The plasma membrane association of GFP-ARC1 was not present in all cells of a transformed 
BY-2 population. To characterize the occurrence of the ARC1 membrane signal, we counted 
the percentage of cells showing the plasma membrane association at two different time points, 
and we combined these results (n=367 cells). Additionally, we investigated the subcellular 
localization of the asymmetric membrane signal in the GFP-ARC1 cells, to answer the 
Figure 4.1. Localization of 
GFP-ARC1 and GFP-ARC2 
in tobacco BY-2 cells. (A 
and C) Confocal projections 
of a GFP-ARC1 culture, 
showing plasma membrane 
localization. The white 
arrows indicate the polar 
association at the tip (A) or 
asymmetrically at one side 
of the cell (C). (B) A similar 
polar localization pattern 
was detected with GFP-
ARC2. (D) 7 days (162 
hours) after dilution of the 
liquid GFP-ARC1 culture, 
the fluorescent signal was 
still present, but did not 
associate with the plasma 
membrane. 
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question whether the plasma membrane patches were more frequently localized at the tip of 
cells, and whether they occurred more than once per cell. The results were shown in Figure 
5.2. 
Figure 4.2. Quantification of the ARC1 plasma membrane localization in GFP-ARC1 expressing BY-2 
cells shown in percentages.  
 
Our results showed that a considerable percentage (55%) of the BY-2 cells expressing GFP-
ARC1 fusion showed the asymmetric plasma membrane localization (average of 2 time points 
18h and 42h after dilution, n=367) (Figure 4.2A). We observed that strong plasma membrane 
signal was most frequently found at the cell tip (45%), or asymmetrically at one side of the 
cell (28%), or both at the tip and the side (18%). Rarely the signal was found at both sides 
(3%) or at the curvature between the side and the tip of the cell (6%). The plasma membrane 
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association of ARC proteins was dependent on the age of the cell culture. Thus, the polar 
signal increased after refreshing the culture medium (Fig 5.1 A-C). When the cell cultures 
were depleted of nutrients, the percentage of cells showing ARC1 plasma membrane 
association decreased. For example, 162 hours after cell culture dilution no cells with 
association of ARC1 with the plasma membrane were observed (Figure 4.1D).  
After one week of culturing in liquid medium, the BY-2 cells generally arrest due to depletion 
of nutrients such as sucrose. Refreshing the cell culture medium normally results in a more or 
less synchronized start of cell division. Because of the high increase in GFP-ARC1 plasma 
membrane localization after dilution, we investigated whether the plasma membrane 
localization of ARC1 was linked to a specific phase of cell division. Therefore time-lapse 
analysis of dividing BY-2 cells expressing GFP-ARC1 was performed (Figure 4.3). 
Figure 4.3: Time-lapse confocal imaging of GFP-ARC1 during tobacco BY-2 cell division. Images were 
taken every 10 minutes and resulting z-stack projections were depicted. The GFP-ARC1 membrane 
localization remained associated with the tip of the cell during metaphase, anaphase, telophase and 
cytokinesis.  
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Our timelapse experiments showed that the plasma membrane ARC1 localization observed in 
interphase cells did not change during cell division, suggesting that the polar plasma 
membrane localization of ARC in tobacco BY-2 cells is cell cycle independent. 
Because the N-terminal 35S-GFP-ARC1 fusion localized in an asymmetric way to the plasma 
membrane when transformed in tobacco suspension cells, we investigated whether this 
localization can be observed in intact plants. Therefore, the 35S::GFP-ARC1 construct was 
transformed in Arabidopsis plants via the Agrobacterium-mediated floral dip method. As 
observed in BY-2, an asymmetric localization of ARC1 at the plasma membrane was detected 
in Arabidopsis root cap cells. In the root cap cells, the GFP-ARC1 protein specifically 
associated with the outer side of the cells. Although the GFP-ARC1 was expressed under the 
35S promoter, the other inner root tissues showed little or no fluorescence of GFP-ARC1, 
suggesting post-translational degradation mechanisms. In some plants, aggregates 
accumulating strong fluorescence were detected in the inner root cells, maybe caused by 
degradation of the overexpressed GFP-ARC1 (data not shown). 
As described for BY-2 cell cultures in Chapter 3, the positioning of the GFP-tag at the end of 
the ARC1 protein changed its localization. Although the ARC1-GFP protein still associated 
with the plasma membrane in a polar fashion, it aggregated into patches of unknown dots, 
suggesting that possibly the ARC1-GFP could not properly attach to the plasma membrane 
anymore (Figure 4.4C). Similar unknown dots were imaged with the ARC1-GFP fusion in 
Arabidopsis seedlings (Figure 4.4D). 
Figure 4.4. Comparison 
of the localization of N- 
and C-terminal ARC1 
fusions in tobacco BY-2 
cells and Arabidopsis 
plants. Confocal images 
were taken at different 
depths and the resulting 
projections were shown. 
(A) GFP-ARC1 in 
tobacco BY-2 cells.  (B) 
GFP-ARC1 in 
Arabidopsis root cap 
cells. (C) C-terminal 
ARC1-GFP fusion in 
BY-2. (D) ARC1-GFP in 
Arabidopsis root cells. 
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ARCTICA1 is a membrane associated protein 
Although the ARC1 protein contained no predicted transmembrane domains, ARC1 localized 
polarly in the plasma membrane in both suspension cells and Arabidopsis plants. To learn 
more about the targeting mechanism and regulation of this polar localization, we performed 
drug studies on the GFP-ARC1 expressing cells. The first experiment was a mild detergent 
treatment using the nonionic detergent Triton X-100. 0.1% Triton X-100 was added to BY-2 
cells and Arabidopsis plants expressing GFP-ARC1, and the distribution of the GFP-ARC1 
protein was followed over time using confocal microscopy (Figure 4.5). 
.
 
Figure 4.5: Triton X-100 detergent treatment in tobacco BY-2 cells and Arabidopsis roots. Before addition 
of Triton X-100, GFP-ARC1 was strongly associated to the plasma membrane, both in BY-2 (A) and 
Arabidopsis root cap cells (C). Three minutes after the addition of Triton X-100, the GFP-AR1 label 
disappeared from the plasma membrane in BY-2 (B), whereas in Arabidopsis, the strong GFP-ARC1 label 
also dissociated from the membrane and was dispersed in the cytoplasm of the root cap cells (D).  
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The addition of 0.1% of the detergent Triton X-100 resulted in the dissociation of GFP-ARC1 
from the plasma membrane in 3 minutes without changing the cellular morphology. The 
disappearance of the polar GFP-ARC1 signal was detected both in tobacco BY-2 cells (Figure 
4.5B) and Arabidopsis root cap cells (Figure 4.5D). During cell division, GFP-ARC1 also 
associated with the kinetochores (see Chapters 2 and 3). However, in the presence of Triton 
X-100, ARC1 remained associated with the kinetochores (Figure 4.6). These results indicated 
that ARCTICA1 is a plasma membrane associated protein.  
 
 
 
 
 
 
 
 
 
The plasma membrane localization of ARC1 is not microtubule dependent 
ARC1 was identified as a binding partner of the microtubule-associated Aurora kinase. 
During cell division, ARC1 associated with the kinetochores, the connection points between 
chromosomes and kinetochore microtubules. Furthermore, in a small percentage of cells, 
ARC1 protein localized to long cytoskeleton-like filaments (see Chapter 3). To test whether 
the polar membrane localization of ARC1 was dependent on microtubules, we incubated BY-
2 cells expressing both GFP-ARC1 and MAP4-MBD-RFP (microtubule-binding domain from 
Figure 4.6: Triton X-100 detergent 
treatment on a tobacco BY-2 cell 
expressing GFP-ARC1. Confocal 
images were taken before treatment 
(A), at the moment of addition (B) 
and after 4 minutes (C). After the 
addition of Triton X-100, GFP-
ARC1 protein remained associated 
with the kinetochores (white arrow 
in C). 
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mouse MAP4 protein), commonly used to visualize microtubules, with two different 
microtubule-depolymerizing drugs: n-butanol and propyzamide. 
  
As shown in Figure 4.7A, 30 min after the addition of n-butanol, the cortical microtubules, 
visualized with MAP4-RFP, were released from the plasma membrane. In these cells, clear 
aggregation of the partially degraded cortical microtubules was found in the cytoplasm. The 
GFP-ARC1 polar localization did not change, which suggested the resistance of the polar 
GFP-ARC1 signal to microtubule-depolymerizing drugs. N-butanol was originally described 
as an activator of the phospholipase D (PLD). Because ARC1 was annotated as a putative 
phospholipase, and the localization of GFP-ARC1 did not change in the presence of n-
butanol, this also suggested that the protein localization was not disturbed by activation of the 
phospholipase D signaling pathway. Figure 4.7B and C show that even after extremely long 
treatment with the microtubule-depolymerizing agent propyzamide (198 hours), plasma 
membrane association of ARC1 was still detected, suggesting that the association of 
ARCTICA1 with the membrane was not dependent on microtubule-based transport processes.  
Figure 4.7. Microtubule drugs do not abolish the asymmetric membrane localization of GFP-ARC1. BY-2 
cells expressing both GFP-ARC1 (green) and MAP4-RFP (red) were incubated with n-butanol for 30 
minutes (A) and propyzamide for 198 hours) (B and C). A patch of GFP-ARC1 fluorescence could still be 
detected on the plasma membrane (white arrow in G) in the absence of microtubules. 
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Latrunculin B increased the percentage of cells showing ARC1 plasma 
membrane localization 
The plant cytoskeleton not only consists of microtubules, but also contains highly dynamic 
actin filaments that play an essential role in subcellular transport and vesicle targeting. To test 
whether actin filaments were involved in the plasma membrane targeting of ARC1, we have 
used the actin-depolymerizing drug Latrunculin B (LatB) (Figure 4.8). 
 
 
Figure 4.8. Percentage of cells showing ARC1 plasma membrane localization, with or without 20 
µM LatB. Confocal z-stack images were taken 18h, 42h and 66h after dilution. The proportions 
of cells with the ARC1 membrane localization are indicated by the data labels. This experiment 
gave a first indication that LatB induced the plasma membrane localization of ARC1. 
 
The application of LatB on the GFP-ARC1 culture resulted in a very high occurrence of 
membrane-attached ARC1 signal (Figure 4.8). After this first indication of the effect of LatB, 
we performed more detailed confocal analysis on the GFP-ARC1 lines in the presence of 
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LatB. Figure 4.9 shows an overview of a GFP-ARC1 expressing BY-2 culture incubated with 
LatB for 2,5h and 18h.  
 
Figure 4.9 LatB increases the amount of cells showing the ARC1 plasma membrane localization. (A) 
control medium (B) GFP-ARC1 after 2,5h of LatB treatment. (C and D) GFP-ARC1 after 18h of LatB 
treatment. The white lines indicate a zone at the middle of the cell where the ARC1 fluorescence was 
depleted. 
 
As was shown in Figure 4.8, actin depolymerization with LatB increased the amount of cells 
showing the ARC1 plasma membrane localization. Additionally, the signal was detected in 
higher frequencies at both sides of the cells. It was interesting to note that in some LatB-
treated cells the GFP-ARC1 fluorescence was not equally distributed along the plasma 
membrane, but seemed excluded from the regions at around the same plane of the cell nucleus 
(white lines in Figure 4.9D).  
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We also investigated whether the addition of LatB changed the subcellular localization of the 
ARC1 plasma membrane signal. Figure 4.10 shows the subcellular plasma membrane 
localization of ARC1, determined in 129 cells, classified in 5 categories and compared to the 
non-treated BY-2 population from Figure 4.2. 
 
Figure 4.10 LatB changed the membrane localization of ARC1 in tobacco BY-2 cells. The ARC1 
membrane localization was determined at two different time points (18h and 42h), and the results were 
combined. The percentage of cells was calculated on the total amount of cells showing the ARC1 
membrane patches (non-treated culture, n=202, LatB treatment, n=129).  
 
In non-treated cultures, the GFP-ARC1 plasma membrane patches were found predominantly 
at the tip of a cell filament, but in the LatB treated culture, the membrane signal was more 
often detected at one side of the cells (61% versus 28% in the non-treated culture and even 
parallel in the same cell (17% compared to 3% in the non-treated cells). This was also seen in 
the confocal images in Figure 4.9. In a non-treated culture, in most cases, the cells at the tip of 
a filament show the ARC1 membrane patches, however in the presence of LatB, almost all 
cells show ARC1 membrane localization, mostly at 1 side. This explains the proportional 
increase in labelling at one side and the reduction in labelling at the tip with LatB treatment. 
Taken together, these results indicate that the plasma membrane localization of ARC1 
increased when actin was depolymerized. Therefore the actin cytoskeleton is involved in 
either removal of the GFP-ARC1 protein from the plasma membrane, or in the specification 
of the plasma membrane region that ARC is targeted to.  
Next, we investigated the effect of LatB on the localization of ARC1 during cell division. BY-
2 cells were incubated with 20 µM LatB and followed over time with confocal microscopy 
(Figure 4.11). 
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Figure 4.11 LatB did not disturb the localization of GFP-ARC1 during mitosis. 20 minutes after 
application of LatB, GFP-ARC1 was associated with the kinetochores during metaphase. After 50 minutes 
ARC1 associated with the expanding cell plate until the end of cytokinesis (50 to 70 minutes after 
application of LatB). As indicated by the white arrow, GFP-ARC1 membrane fluorescence increased 
gradually at the side of the cell. 
 
Timelapse confocal analysis showed that GFP-ARC1 was still able to associate with the 
kinetochores and the cell plate in the presence of LatB, suggesting that the depolymerization 
of actin had no inhibitory effect on the localization of ARC1 during cell division. 
Additionally, the timelapse analysis showed the increasing association of GFP-ARC1 at one 
side of the cell (white arrow in Figure 4.11), indicating that actin filaments were not involved 
in the transport of GFP-ARC1 to the plasma membrane. 
The ARC1 plasma membrane targeting is not dependent on BFA-sensitive 
mechanisms 
In plants, few polarly localized proteins have been identified and the best-characterized are 
the plasma-membrane-associated facilitators of auxin transport, PIN proteins (PIN-
FORMED). The targeting of these proteins to one side of the cell was inhibited by interfering 
with the endosomal machinery, using the drug brefeldin A (BFA) (Geldner et al., 2001). To 
test whether the maintenance of ARC1 protein at the plasma membrane was also dependent 
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on the BFA-sensitive endosomal machinery, we have tested the effect of BFA on the GFP-
ARC1 localization in Arabidopsis plants. 
When 35S::GFP-ARCTICA1 Arabidopsis seedlings were incubated in the presence of 50 µM 
BFA for 60 to 70 minutes, the polar GFP-ARC1 localization was still found at the plasma 
membrane (Figure 4.12A-D). Labelling with the membrane dye FM4-64 in the same roots 
showed typical BFA bodies in the cytoplasm of the cells (Figure 4.12B-E), which indicated 
that the BFA drug was effectively blocking the membrane recycling pathway. The overlay of 
the two channels showed little co-localization of GFP-ARC1 and the BFA compartments 
(Figure 4.12C-F), and GFP-ARC1 was still localizing in the cytoplasma and at the outer side 
of the root cap cells. In some root cap cells, small vesicles were detected that did not overlap 
between the GFP-ARC1 and FM4-64 dye (white arrows in Figure 4.12I). After 120 minutes 
of BFA treatment, GFP-ARC1 remained polarly associated to the outer membrane of the root 
cells (Figure 4.12J), while FM4-64 dye labelled endosomal vesicles that were not labelled 
with ARC1 (Figure 4.12K-L). As a positive control, we used the BRI1-GFP protein (Figure 
4.12M), which is known to traffic in a BFA-dependent pathway (Russinova et al., 2004). 
These results suggest that the polar targeting of GFP-ARC1 is not dependent of the BFA-
sensitive pathway, which is necessary for the polar localization of the PIN proteins. 
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ARC may be involved in polar root hair growth and stomatal 
patterning 
 
As described in Chapter 3, we generated a double arc1arc2 mutant, named ARC1 RNAi/arc2-
1, by silencing ARC1 gene in the arc2-1 null mutant. This mutant showed cell division defects 
in the root, but here we show that additional phenotypes were seen in root hairs and stomata 
(Figure 4.13 A-D). In Figure 4.13A, a stump-like root hair with a large stained nucleus can be 
seen, whereas Figure 4.13B shows a double-branched root hair. In Figure 4.13 C and D, 
aberrant stomata are visualized, suggesting a defect in stomatal patterning. To confirm that the 
ARC genes are expressed in the tissues that show these phenotypes, we cloned their promoters 
and generated pARC-GFP-ARC expressing Arabidopsis plants. Figure 4.13 E-G depicts the 
pARC2-GFP-ARC2 localization at the tip of emerging root hairs (white arrows in E), growing 
root hairs (F), and stomata (G). These data confirm the pARC2-GUS histological experiments 
that were described in Chapter 3. As a conclusion, these experiments suggest that ARC may 
have a function in (polar) root hair growth and stomatal patterning. 
Figure 4.12. Brefeldin A (BFA) treatment on GFP-ARC1 expressing Arabidopsis roots.  
(A and D) 60 to 70 minutes of BFA treatment did not change the polar GFP-ARC1 localization at the 
plasma membrane. 
(B and E) ) Labelling with the membrane dye FM4-64 showed typical BFA bodies in the cytoplasm of the 
cells. 
(C and F) The overlay of the two channels showed little co-localization of GFP-ARC1 and the BFA 
compartments. The strong polar GFP-ARC1 signal remained associated with the outer side of the root cap 
cells. 
(G-H-I) In some cells, small vesicles could be detected that did not overlap between GFP-ARC1 and FM4-
64 dye (white arrows). 
(J) 120 minutes of BFA treatment did not disturb the membrane GFP-ARC1 localization. 
(K) The FM4-64 dye labeled endosomal vesicles that were not associated with ARC1 (overlap L). 
(M-N-O) BRI1-GFP protein was used as a positive control and co-localized with FM4-64 in the expected 
BFA bodies. 
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Figure 4.13. Propidium Iodide staining of ARC1 RNAi / arc2-1 mutant plants, compared to GFP-ARC2 
localization expressed with the pARC2 promotor.  
(A) PI staining of a stump-like root hair with large stained nucleus, (B) Double-branched root hair, and 
(C-D) irregular stomatal patterning.  
(E)  Polar localization of pARC2-GFP-ARC2 at the emerging root hairs, (F) growing root hairs. (G) ARC2 
also localizes in stomata when expressed with its endogenous promoter. 
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Discussion 
 
Polar plasma membrane targeting of the ARC proteins 
Recent advances in the study of cell polarity in plants have identified three classes of proteins 
showing asymmetrical localization patterns: proteins involved in polar auxin transport (such 
as PINs and AUX1) (Teale et al., 2006; Vieten et al., 2007), the family of Rho GTPases and 
their regulators (for review see Kost, 2008), and specific nutrient tranporters such as the boron 
exporter, AtBOR4 (Miwa et al., 2007) or the silica importer, Lsi1 (Yamaji and Ma, 2007). 
The newly identified ARCTICA1 protein shows no homology to any of these proteins and 
therefore its function could not be contributed to any of these classes. However, according to 
the publicly available expression data, ARC1 and ARC2 are highly upregulated after 
Aluminium treatment (www.genevestigator.ethz.ch). Together with their localization at the 
outer side of the root cap, this could suggest that the ARC genes may be involved in 
Aluminium response or tolerance, in a similar way as the AtBOR4 exporter. Further analysis 
will be required to test this hypothesis. 
However, it is not likely that ARCTICA itself would function as a membrane transporter 
because of its lack transmembrane domains. Since ARC1 did not contain an endomembrane 
signal either, it will probably not be exported but it will attach to the membrane by 
recognition of lipid composition or by interaction with other membrane proteins. Combined 
with its intriguing localization during mitosis at the kinetochores and the cell plate and its 
phosphorylation by Aurora, it would be interesting to investigate whether ARC1 could 
function as a signaling molecule, involved both in cell polarity and cell division.  
The specific polar localization pattern of ARC1 and ARC2 at the tips and sides of tobacco 
BY-2 cells is very unique. In contrast, PIN proteins in BY-2 localize in a polar fashion at one 
side of the cross walls of BY-2 cells (Petrasek et al., 2006), but not at the outer side of the 
BY-2 cells like ARCTICA does. Furthermore, in Arabidopsis roots, the different PIN proteins 
do not label the outer side of the root cap cells asymmetrically as GFP-ARC1 does. 
Consequently this lack of co-localization suggests that the polar plasma membrane domain 
targeted by ARC1 was different from the PIN proteins. The polar localization was detected 
both with ARC1 and its homolog ARC2. In liquid cultures, it was observed that the amount of 
cells showing this membrane localization decreased strongly in time after dilution, which 
coincided with the reduction in cell division when the cells reached stationary phase. The 
plasma membrane localization was not linked to a specific phase of cell division, because 
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time-lapse analysis revealed that it could be detected both during interphase as during 
metaphase, anaphase, telophase and cytokinesis. 
Because GFP was used as a tag for localization studies, it was important to examine whether 
the tag would interfere with the correct localization of the protein. Indeed it was shown that 
the position of the GFP-tag had an effect on the localization of ARC1. When the GFP was 
positioned at the C-terminus of ARC1, the protein localized in unknown strong-fluorescing 
dots. At the plasma membrane, these unknown dots still aggregated into polar patches (e.g. at 
the cell tip), but they did not fuse in a smooth homogenous fluorescent layer as could be 
detected with the N-terminal fusion. These results suggest that the GFP-tag interfered with the 
function of ARC1, maybe by disrupting its interaction with downstream binding partners, 
such as proteins that regulate its membrane association. To confirm the GFP localization, it 
would be necessary to perform mutant complementation analysis or immunolocalization 
experiments. Unfortunately, the ARC1 antibody yielded too much background to be used for 
immunodetection studies (data not shown). 
As was previously shown in yeast, mild detergent washes were used as a tool to disturb sterol-
containing membrane domains (Chamberlain, 2004). In tobacco BY-2 cells, 0.1 % Triton X-
100 was used to test the membrane association of several cell plate proteins (Vanstraelen et 
al., 2006). Both in BY-2 as in Arabidopsis roots, the polar GFP-ARC1 signal disappeared 
from the plasma membrane after Triton X-100 addition, suggesting that GFP-ARC1 
associated with the plasma membrane. Taken together with the fact that ARC1 does not 
contain transmembrane domains, it is probable that ARC1 is recognizing other membrane 
proteins or the specific membrane composition (e.g. certain lipids). The kinetochore 
localization of GFP-ARC1 could not be disturbed with detergent treatment. 
To understand more about the possible targeting mechanisms of the polar localization of GFP-
ARC1, we tested different cytoskeletal drugs such as microtubule-depolymerizing drugs n-
butanol and propyzamide. Surprisingly, even after prolonged treatment of the GFP-ARC1 
BY-2 cells with these microtubule-degrading drugs, the polar plasma membrane localization 
of GFP-ARCTICA1 was still detected. These data suggest that the targeting of GFP-ARC1 to 
the membrane is not dependent on microtubules.  
In contrast to this, treatment with the actin-depolymerizing drug, LatB increased both the 
amount of cells showing the ARC1 plasma membrane localization, and the membrane 
domains of ARC1 localization, e.g the signal could be found more frequently at both sides of 
the cell (17 % versus 3% in a non-treated culture). These results suggested that actin may be 
required to restrict GFP-ARC1 to certain plasma membrane domains (e.g. by transporting an 
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inhibitor of ARC1 to the membrane), or it may be involved in targeted removal of GFP-ARC1 
from the membrane. Interestingly, the GFP-ARC1 localization was not evenly distributed 
along the plasma membrane, but showed a zone in the middle of the cell where the 
fluorescence was depleted. This was reminiscent of the actin-depleted zone (ADZ) or the 
KCA kinesin-depleted zone (KDZ) (Vanstraelen et al., 2006), which has been shown to be 
involved in the positioning of the cell plate. Time-lapse analysis should confirm that the cells 
showing this ARC1 depleted zone in the presence of LatB are indeed going to divide. To find 
out if the ARC1, KCA and actin zones really overlap, co-localization experiments with actin-
markers or KCA-GFP could be performed. As described above, Rop proteins can specifically 
localize to the tip of a pollen tube because a negative regulator, RhoGAP specifically localizes 
to the flanks of the pollen tube. A similar mechanism could be used for the localization of 
ARC1 (Figure 4.14). In this hypothesis, two types of negative regulators would be needed. 
The first actin-dependent inhibitor would normally prevent the association of GFP with the 
membrane, but after treatment with an actin-depolymerizing drug, this negative regulator is 
removed and ARC1 can localize to the membrane. However, at the actin-depleted zone, a 
second regulator is present (actin-independent), whose localization is not disturbed by actin 
drugs, and therefore GFP-ARC1 does not localize to the actin-depleted zone. To test this 
model, it would be very interesting to study the effect of actin-stabilizing drugs on the 
localization of GFP-ARC1.  
 
Figure 4.14. Hypothetical model for the localization of ARC1 in BY-2 cells. (A) 
non-treated cells (B) cells treated with the actin-depolymerizing drug LatB 
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The research on the polar PIN auxin transporter family has already elucidated many aspects of 
the polar targeting of these proteins to the plant membrane The polar PIN proteins are 
submitted to constant plasma membrane recycling through the endosomal machinery, and 
when this vesicle transport is inhibited by the drug brefeldin A, the PIN proteins lose their 
polarity and accumulate in typical BFA bodies (Geldner et al, 2001). The polar targeting of 
GFP-ARC1 was not dependent of the BFA-sensitive pathway, which is necessary for the 
polar localization of the PIN proteins. The constant recycling of the PIN proteins allows a 
versatile and fast repositioning of the PIN proteins, for example after gravitropic changes. 
ARC1 is targeted by a different pathway and remained stably associated with the outer side of 
the root cap, thereby not requiring constant recycling or repositioning through the BFA-
sensitive mechanism. 
 
Function of ARC proteins in polar root hair growth and stomatal patterning.  
Cells develop polarized shapes by generating and maintaining localized sites of growth. This 
type of polar growth of plant cells can be found in the tip-growing root hairs, where fast 
deposition of cell membranes and wall materials occurs at a restricted tip area of the plasma 
membrane (Schnepf, 1986). Key regulators of polar tip growth are the Rac-ROP (Rho of 
plant) GTPases, who are responsible for signaling at the selected polar sites by their 
accumulation and activation at specific membrane domains (for review see Kost, 2008). 
Interfering with the function of ROPs, ADP-ribosylation factors (ARFs) or ARF GTPase-
activating proteins (ARFGAP) results in the formation of aberrant root hairs, e.g. ROP2 
overexpression results in longer root hairs with multiple tips (Jones et al., 2002). Similarly, 
the ARC1 RNAi/arc2-1 double mutants show branched root hairs with multiple tips, 
suggesting defects in the establishment of root hair polarity. Together with the ARC2 GUS 
expression in root hairs (Chapter 3), and the polar localization of pARC2::GFP-ARC2 at the 
root hair tips (Figure 4.13), these results indicate that ARC could play a role in controlling 
polar root hair growth. Normally, polar tip growth can also be found in elongating pollen 
tubes. Therefore, it would be interesting to investigate the localization of ARC in growing 
pollen tubes.  
Additionally, ARC1 RNAi/arc2-1 mutants show clustered stomata in the leaf epidermis 
(Figure 4.13). Stomata are specialized epidermal structures through which plants absorb CO2 
from and release O2 to their environment. In Arabidopsis, stomatal development requires 
asymmetric cell divisions (Geisler et al., 2000; Nadeau and Sack, 2002; Geisler et al., 2003). 
Normally, stomatal distribution follows a consistent pattern known as the one-cell spacing 
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rule: there is at least one pavement cell between two adjacent stomata (Geisler et al., 2000; 
Nadeau and Sack, 2002; Geisler et al., 2003). This spacing ensures the optimal balance 
between CO2 uptake and water loss. As seen in Figure 4.13, the one-cell spacing rule is 
disrupted in ARC1 RNAi/arc2-1mutants, resulting in the stomata being clustered together. 
This phenotype is similar to mpk3-mpk6 mutants (Mitogen-Activated Protein Kinase 3/6), 
who are thought to coordinate cell fate specification of stomata versus pavement cells (Wang 
et al., 2007). Wang et al. (2007) propose that loss of polarity of asymmetric cell divisions 
could cause disrupted cell fate coordination of the progeny cells, ultimately producing 
clustered stomata. Future research with asymmetric cell division-specific markers will help us 
to further address the question what the role of ARCTICA is in the polarity of stomatal 
patterning.     
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Materials and methods 
Cell suspension cultures and transformation 
Arabidopsis thaliana L. Heyhn. Landsberg erecta cells were grown at pH 5.8 in Murashige 
and Skoog (MS) medium containing 4.43 g MS, 30 g sucrose, 500 µg NAA and 50 µg kinetin 
per liter. The Arabidopsis cells were cultured at 25°C in the dark on a rotating platform at 
150 rpm. Nicotiana tabacum L. Bright Yellow-2 (BY-2) cells were grown in medium with 
4.302 g MS, 0.2 g KH2PO4, 30 g sucrose, 0.02 mg 2,4-dichlorophenoxyacetic acid , 0.05 mg 
thiamine and 5 mg myo-inositol per liter (pH5.8). BY-2 cells were cultured under the same 
incubation conditions as Arabidopsis cells. 
The constructed GFP/RFP-interactor fusions were transformed into BY-2 cells following the 
previously described protocol (Geelen and Inze, 2001). The co-cultivation of BY-2 cells with 
the transformed Agrobacteria resulted in several transgenic BY-2 calli. Between 10 and 100 
BY-2 calli were transferred to fresh medium and inspected for GFP fluorescence with an 
epifluorescence microscope (Axioskop; Zeiss, Heidelberg, Germany). When no EGFP 
fluorescence could be detected, instability of the fusion protein, lack of expression due to 
silencing or counterselection were assumed (Joubes et al., 2001). The Arabidopsis cells were 
transformed according to (Van Leene et al., 2007). Arabidopsis thaliana (L.) Heynh. Ecotype 
Columbia (Col-0) plants were transformed by Agrobacterium-mediated transfection using the 
floral dip method (Clough and Bent, 1998) 
Microscopy 
GFP/RFP-positive calli were mixed with 150 ul of 1.5% low melting agarose and fixed with 
poly-L-lysine onto the bottom of a 1-well coverglass chamber (Lab-Tek, Naperville, IL). The 
cells were covered with 750 ul of fresh BY-2 medium to prevent drying out.  Under these 
conditions, BY-2 cells carried on dividing and could be monitored overnight by confocal 
microscopy  (Zeiss 100M). Arabidopsis seedlings were captured between slide and cover 
glass and used for z-stack scanning. The confocal microscope was equipped with LSM510 
software version 3.2. An argon ion laser generated 488-nm light for EGFP excitation. Dual 
GFP and RFP excitation was imaged with a multichannel setting with 488 nm and 543 nm 
light for GFP and RFP excitation respectively.  A 63X water corrected objective with a 
numerical aperture of 1.2 was used to scan the samples. The images were captured with the 
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LSM510 image acquisition software version 3.2 (Zeiss). For transmission light images, 
differential interference contrast optics settings were used. Projections were obtained from 
approximately 30 serial optical sections, 0.5 µm apart to cover two-thirds of the cell depth. 
Images were exported as TIFF files and processed with Adobe Photoshop (Mountain View, 
CA).  
Plant Material and Growth  
After floral-dip transformation of Col0 Arabidopsis plants with the ARCTICA promoter-GUS 
fusions and ARCTICA 35S-GFP constructs, the Arabidopsis thaliana Heynh. ecotype Col-0 
seeds were selected with Kanamycin (50 mg/l). The  seeds were always germinated on 
medium derived from standard Murashige and Skoog medium on vertically oriented square 
plates (Greiner Labortechnik) in a growth chamber under continuous light (110 µE·m−2·s−1 
photosynthetically active radiation, supplied by cool-white fluorescent tungsten tubes; Osram) 
at 22°C . 
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S.C. performed Gateway cloning, BY-2 transformation, timelapse imaging of GFP-ARC1,2, 
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Chapter 5: EB1 interactions at the microtubule plus ends 
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Mylle, Danny Geelen, Erwin Witters, Geert De Jaeger, Dirk Inzé, Takashi Hashimoto and 
Eugenia Russinova  
Abstract 
The END BINDING1 (EB1) proteins belong to a highly conserved family of microtubule-
associated proteins (MAPs) known as microtubule plus end-tracking proteins (+TIPs) because 
they specifically bind the microtubule plus ends. EB1 proteins regulate different aspects of 
microtubule dynamics and act as a central “hub” for interaction with other MAPs. In 
Arabidopsis thaliana, three EB1 proteins, EB1a, EB1b and EB1c have been identified and 
their microtubule-plus end binding capacity found conserved. Although EB1 acts as an 
integrator of protein complexes in yeast and animal cells, EB1 binding partners are not 
identified in plants. In this study, a yeast two-hybrid library screen for Arabidopsis EB1 
interacting proteins was performed. The screen resulted in the identification of homo- and 
heterodimers between different EB1 family members. By using the yeast two-hybrid assay we 
showed that EB1b homodimerization depends on a functional C-terminal coiled coil domain. 
We confirmed the dimerization of EB1s in planta by using Bimolecular Fluorescent 
Complementation (BiFC) assays, Tandem Affinity Purification (TAP) and EB1 expression 
studies. In human cells, EB1 dimerization is important for the recruitment of other +TIPs to 
the microtubule. To test if this is valid in plants, the interaction between EB1 and another 
plant +TIP, SPIRAL (SPR1) was tested by BiFC. EB1 and SPR1 co-localized in tobacco leaf 
epidermal cells and interacted on the microtubules. When the dimerization of EB1 was 
abolished by mutations, SPR1 did not localize to microtubules suggesting that the correct 
localization of EB1 is important for the targeting of SPR1 to the microtubules. Biochemical 
Blue-Native gel analysis has shown for the first time that EB1a is present in a complex of 
around 200kDa in Arabidopsis suspension cells. Our data show that Arabidopsis EB1s 
function as dimers and the dimerization is important for recruiting other +TIPs to 
microtubules. 
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Introduction 
Microtubules (MTs) are highly dynamic polymers that control many aspects of cellular 
architecture. The fast-growing end of a microtubule, also called the ‘plus end’, shows 
alternating periods of growth (polymer assembly) and rapid shrinkage (polymer disassembly). 
This stochastic switching between growing and shrinking states is known as dynamic 
instability of microtubules (Mitchison and Kirschner, 1984). The transition to 
depolymerization is referred to as catastrophe, and the reversal to polymerization is called 
rescue. Microtubule dynamics need to be precisely regulated in numerous cellular processes 
such as chromosome segregation, spindle dynamics and membrane vesicular transport. The 
dynamic instability of microtubules is controlled by microtubule-associated-proteins (MAPs) 
that preferentially bind to the plus ends of microtubules. These proteins are also called +TIPs 
or plus-end tracking proteins. The highly conserved End Binding 1 (EB1) family members are 
well known for their ability to “track” the plus ends of microtubules and they are conserved in 
plants, yeasts and mammals (Tirnauer and Bierer, 2000; Chan et al., 2003). The EB1 proteins 
are involved both in the regulation of microtubule dynamics and in the recruitment of a other 
MAPs to a “plus-end complex”. 
Although several studies have described a role of EB1 in the regulation of microtubule 
dynamics, the precise effects of EB1 on the dynamic instability parameters are still 
controversial. On one hand, EB1 has been reported to increase both catastrophes and rescues 
in S. cerevisiae (Tirnauer et al., 1999) and Drosophila (Rogers et al., 2002), whereas on the 
other hand, EB1 was described to inhibit catastrophes in Xenopus (Tirnauer et al., 2002) and 
in Schizosaccharomyces pombe (Busch and Brunner, 2004). Similarly, in vitro studies have 
described that EB1 can promote polymerization of pure tubulin (Ligon et al., 2003; Sandblad 
et al., 2006; Bieling et al., 2007; Manna et al., 2008), whereas other studies suggested that 
EB1 requires a binding partner to accomplish this, such as APC or p150Glued (Nakamura et al., 
2001; Hayashi et al., 2005).  
During microtubule growth, the protofilament sheets roll up and close to form a tube. 
Ultrastructural studies have shown that EB1 can recognize the seam (also called closure 
junction) where the protofilaments associate to close the tube. It is suggested that EB1 acts as 
a molecular “zipper” by reinforcing the lateral interaction of the two seam protofilaments, 
thereby stabilizing the microtubule lattice (Sandblad et al., 2006). A recent model by Vitre et 
al. explains the effect of EB1 on microtubule assembly and dynamics (Vitre et al., 2008). In 
this model, EB1 binds preferentially to the free lateral sites on protofilaments, where it 
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facilitates the incorporation of tubulin dimers into the tubulin lattice. This stimulates the 
formation and growth of microtubule sheets, which results in an increase of nucleation and 
growth rate of the microtubules. However, when the growing sheets are closing into 
unfavourable configurations, EB1 may induce catastrophes by eliminating the stressed 
lattices. At higher concentrations, EB1 is no longer restricted to the plus ends, but interacts 
with the microtubule wall where it reinforces the lateral interactions of tubulin. As a result of 
this reinforcement, rescue events are promoted (Vitre et al., 2008). This model explains how 
EB1 proteins can promote the growth of microtubules, but also how EB1 can influence both 
catastrophe and rescue frequency. 
Additional to their role in regulating microtubule dynamics, EB1 proteins are thought to 
function as scaffold proteins at the microtubule plus end for recruiting other proteins 
(Lansbergen and Akhmanova, 2006). Examples of +TIPs associating with EB1 are the tumour 
suppressor APC (Su et al., 1995), the mammalian formin mDIA (Wen et al., 2004), 
spectraplakins (Kodama et al., 2003; Subramanian et al., 2003), CLASPS (Mimori-Kiyosue et 
al., 2005), CLIPs (Dzhindzhev et al., 2005), dynactin (Askham and Morrison, 2002) and 
kinesin motor proteins (Browning and Hackney, 2005; Goshima et al., 2005). The list of EB1 
binding partners is still increasing, an example is the recent identification of the 
transmembrane protein STIM1 (Stromal interaction molecule 1) as an EB1 interaction 
partner, which suggests a new role for EB1 proteins in the remodeling of the ER (Grigoriev et 
al., 2008).  
The structure of EB1 proteins is conserved in different organisms. EB1 contains an NH2-
terminal calponin homology domain which binds to MTs (Hayashi and Ikura, 2003). It also 
contains a coiled coil domain (“EB1 motif”), which dimerizes to form a surface that can bind 
various partners (Honnappa et al., 2005; Slep et al., 2005; Slep and Vale, 2007). The last part 
of the protein consists of a COOH-terminal negatively charged tail. This EB1 C-terminal tail 
is rich in Glu residues and seems to be strikingly similar to the tail of α-tubulin. The EB1 tail 
is also involved in the interaction with other +TIP proteins, such as CLIPs (Komarova et al., 
2005) and p150Glued (Hayashi et al., 2005; Manna et al., 2008). It has been suggested that the 
flexible tail negatively regulates EB1 activity, and that this auto-inhibition is relieved by 
interaction with other +TIPs, such as p150Glued (Hayashi et al., 2005). 
In Arabidopsis thaliana three EB1 family members have been identified, EB1a, EB1b and 
EB1c (Chan et al., 2003; Mathur et al., 2003; van Damme et al., 2004). GFP fusions of 
AtEB1a and AtEB1b label the microtubule plus ends in the classical +TIP comet-like fashion. 
In addition GFP-AtEB1b associates extensively with endomembranes (Mathur et al., 2003). 
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In contrast to AtEB1a and b, AtEB1c-GFP did not show the comet-like MT labelling during 
interphase but localized to the nucleus. During division, EB1c associates with the spindle and 
phragmoplast microtubules in a comparable way to EB1a and EB1b. 
EB1-interacting partners have not yet been identified in plants. To date, except EB1, only two 
other +TIPs have been described in plants. The plant-specific +TIP, SPIRAL1 (SPR1) protein 
did not bind microtubules directly but it localized to the MT plus end by possibly interacting 
with other +TIPs, such as EB1s (Furutani et al., 2000; Nakajima et al., 2004; Sedbrook et al., 
2004). The Arabidopsis CLIP-associated protein, AtCLASP localized next to EB1s on the 
plus end, thereby suggesting that it uses a different mechanism from EB1s to recognize the 
microtubule plus end (Ambrose et al., 2007; Kirik et al., 2007). 
In this study, yeast two-hybrid and Tandem Affinity Purification approaches resulted in the 
identification of several putative plant EB1 binding partners. Here, we show that plant EB1 
proteins homo- and heterodimerize in yeast two-hybrid, BiFC and Tandem Affinity 
Purification assays. EB1a, EB1b and EB1c were also co-expressed in different tissues of 
Arabidopsis seedlings, indicating that their hetero-dimerization is functional. Using a site 
directed mutagenesis approach we show that the dimerization of EB1b depended on the coiled 
coil C-terminal domain. Furthermore, introducing mutations in the coiled coil had an effect on 
the localization of the EB1 proteins. Because EB1 and other known plant +TIP, SPR1 co-
localize at microtubules and endomembranes, we tested their interaction in vivo in a BIFC 
assay. We confirm that EB1 and SPR1 interact at microtubules and the EB1 dimerization is 
required for the correct microtubule targeting of SPR1. Finally, biochemical analysis allowed 
us to estimate the size of EB1a complex in vivo.  
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Results 
The Arabidopsis EB1 family members dimerize 
To identify binding partners of the Arabidopsis EB1 proteins we performed yeast two-hybrid 
library screens with EB1a and EB1c respectively as baits (Table S1). Our screens resulted in 
the repeated identification of EB1 proteins themselves suggesting that EB1s dimerize. We 
next carried out yeast two-hybrid assays to test for interactions between EB1a, EB1b and 
EB1c. As shown in Figure 5.1, EB1a and EB1b but not EB1c formed homodimers. EB1a 
formed heterodimers with EB1b, whereas EB1c interacted only with EB1b. None of the EB1 
proteins induced auto-activation when co-transformed with the empty plasmids. 
Figure 5.1. Yeast two-
hybrid matrix analysis 
between Arabidopsis EB1 
proteins.  
To test for interaction, 
the transformants were 
spotted on medium 
without Leu, Trp or His 
(-LTH). pDBleu and 
pEXP-AD502 were used 
as auto-activation 
controls. As a positive 
control, all colonies grew 
on medium without Leu 
or Trp (-LT). 
 
To isolate EB1 complexes in conditions corresponding to the in vivo physiological 
environment of plant cells we used a combination of Tandem Affinity Purification (TAP) and 
mass spectrometry. Dividing Arabidopsis suspension cells were used for TAP purification of 
EB1a and EB1c complexes. The results from both experiments are shown in Tables S2 and 
S3. Using this method, we identified EB1a and EB1b in both EB1b-TAP and EB1c-TAP 
complexes, thus confirming the dimerization of EB1 family in vivo.  
EB1 dimerization requires a functional C-terminal domain 
The crystal structure of the human EB1 protein revealed that EB1 functions as a stable dimer 
and the dimerization is mediated by the C-terminal, coiled coil domain. This domain consist 
of two α helices, α1 and α2 separated by a short loop (Honnappa et al., 2005). α1 forms the 
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dimer interface and is highly conserved among different EB1 family proteins (Figure 5.2) 
suggesting that all EB1 orthologs assemble into dimers. Structural analysis combined with 
mutagenesis identified several conserved amino acids responsible for both dimerization and 
cargo interaction of human EB1 (Honnappa et al., 2005; Slep et al., 2005). The FYF motif in 
the coiled coil was identified as a putative cargo binding site and the I224 was the only 
residue that compromised the dimerization when mutated alone. Therefore, the mutations, 
Y217A and I224A abolished both EB1 dimerization and cargo binding (Honnappa et al., 
2005; Slep et al., 2005) whereas the mutations, K220A and R222A compromised the cargo 
interactions but not the EB1 dimerization (Honnappa et al., 2005; Slep et al., 2005). 
As shown in Figure 5.2, the amino acids I224, Y217, K220 and R222 are evolutionary 
conserved in diverse EB1 proteins, suggesting that these amino acids are indeed important for 
the function of the EB1 proteins. Interestingly, the I224 is replaced by a V224 in the EB1a 
and EB1c. Because Y217, I224, K220 and R222 amino acids were conserved in the 
Arabidopsis EB1b protein, we next investigated whether changing them into alanine will 
result in defects similar to the human EB1 dimerization mutants. Therefore we generated 
EB1b, KR mutant (K220A/R222A) and Eb1b, YI mutant (Y217A/I224A).
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Figure 5.2. Protein sequence alignment of EB1 C-terminus.  
Black backgrounds indicate identical residues and grey backgrounds indicate conserved residues. EB1 proteins are well conserved in yeast, animals, plants and 
algae. The following structures were indicated: helices α1 and α 2 (black bars), a loop between α 1– α 2 (black line), and the EB1-like sequence motif (grey line). 
Asterisks indicate the mutated amino acids K, R, Y and I. 
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Figure 5.3. Protein–protein interactions 
of EB1b KR and YI mutants in yeast 
two-hybrid. The yeast cells were grown 
on SD medium without Leucin, 
Tryptophane or Histidine (-LTH) or 
without Leucin or Tryptophane (-LT). 
pDBLeu and pEXPAD502 were used as 
controls. 
 
 
 
The KR and YI mutants of EB1b were tested for dimerization in a yeast two-hybrid assay. As 
shown in Figure 5.3, the EB1b KR mutant dimerized in yeast two-hybrid, but the dimerization 
of the EB1b YI mutant was completely abolished. These results indicate that, as for human 
EB1, destabilization of the four-helix bundle by mutating I224 into alanine compromises the 
EB1b dimerization. For comparison we also generated the EB1a KR and YV mutants. Both 
KR and YV EB1a mutants showed strong auto-activation in the yeast two-hybrid system and 
were therefore not tested for dimerization (data not shown). 
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EB1 proteins dimerize on microtubules 
To demonstrate the dimerization of EB1 in planta, we carried out transient Bimolecular 
Fluorescence Complementation (BiFC) assays in tobacco leaf epidermal cells. The EB1a 
protein was fused to the non-fluorescent N-terminal fragment of the GFP protein called, 
“head”, and the C-terminal fragment of GFP, called “tail”. All combinations of EB1 fused to 
N- or C-terminal “head” and “tail” GFP were tested to identify the combinations that had the 
highest efficiency of interaction.  
Figure 5.4. BiFC interaction experiments to test dimerization of EB1a. 
(A) Strong microtubular fluorescence was detected when both EB1a protein fusions 
were tagged C-terminally. Very weak fluorescence was visualized when head-
EB1a was co-transformed with EB1a-tail GFP. The other combinations yielded no 
fluorescent signal (EB1a-head+tail-EB1a and head-EB1a+tail-EB1a)  
(B) RT-PCR control showing the expression of the tail and head fragment in cells that 
showed no fluorescence when transformed with head-EB1a+tail-EB1a 
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As depicted in Figure 5.4, the combination of EB1a-head GFP and EB1a-tail GFP showed a 
very clear fluorescence signal, indicating that EB1a dimerized in planta as well. The other 
head/tail combinations gave very weak or no signal (Figure 5.4A). As a control RT-PCR 
experiments on the combination head-EB1a + tail-EB1a showed that transcripts of both head- 
and tail-fusions were present in the cells, although BiFC fluorescence was not detected 
(Figure 5.4B). Therefore the combinations of C-terminal BiFC fusions were used to test for 
homo- and heterodimerization of all EB1 family members. 
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Figure 5.5. Homo- and heterodimerization of the three Arabidopsis EB1 family members.  
(A) EB1a, EB1b, and EB1c head and tail combinations were co-infiltrated in tobacco leaf cells and 
BiFC interactions were imaged using confocal microscopy.  
(B) Localization of EB1a, EB1b and EB1c when fused to full GFP 
As depicted in Figure 5.5, all EB1 family members formed homo- and heterodimers. The 
BiFC method had the advantage of not only giving an indication whether the tested proteins 
interacted, but also in which subcellular compartment the interaction took place. For EB1a 
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and EB1b, homo- and heterodimers were visualized along the cortical microtubules (Figure 
5.5A). This was comparable to the localization of these proteins when fused to GFP (Figure 
5.5B). The EB1c-GFP fusion localized exclusively in the nucleus (Figure 5.5B), as did the 
EB1c homo- and heterodimers (Figure 5.5A). Interestingly, although EB1a and EB1b homo- 
and heterodimers normally localized along the microtubules, they localized in the nucleus 
when heterodimerized with EB1c. 
We next followed the behaviour of EB1a homodimers in tobacco BY-2 cell cultures stably 
expressing EB1a-GFP head and EB1a-GFP tail fusion proteins. Figure 5.6 depicts the growth 
of the dynamic comet-like microtubule plus ends. Consecutive images were taken every 10 
seconds, and two examples of growing microtubules were indicated with arrows (white and 
red). These results show that in interphase tobacco BY-2 cells, EB1 dimers were associated 
with the microtubules and MT plus ends. 
 
EB1 interactions at the microtubule plus ends 
 
 
175
 
Figure 5.6. EB1 BiFC dimers label the microtubule plus ends in the cortex of tobacco BY-2 cells. 
Cells expressing both EB1a-head GFP and EB1a-tail GFP were followed in time and consecutive images 
were taken every 10s. The arrows indicate the positions of 2 microtubules at each time point, showing 
microtubule growth over time. 
During cell division the EB1a dimers were found associated with the preprophase band 
(Figure 5.7A) and expanding phragmoplast at consecutive time points (Figure 5.7B-D). 
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Figure 5.7 Detection of BiFC signal in dividing BY-2 cells. The EB1a-head + EB1a-tail dimers were 
followed during division, where they associated with the preprophaseband (A) and the growing 
phragmoplast (B-C-D) 
We next used the BiFC assay to test for in vivo dimerization of the previously described EB1b 
and EB1a KR and YI(V) mutants (Figure 5.8).  
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As shown in Figure 5.8, EB1b and EB1 KR mutants dimerized on cortical microtubules 
Figure 5.8. Dimerization of KR and YI(V) mutants of EB1a and EB1b, using BiFC. 
(A) and (B) GFP-fusions of EB1a (A) and EB1b (B) were used as controls. 
(C) and (D) Homodimerization of wild-type EB1a and EB1b proteins. 
(E) and (F) The KR mutants of EB1a (E) and EB1b (F) showed BiFC fluorescence at the cortical 
microtubules.  
(G) The EB1a YV dimers associated with the microtubules.  
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similarly to what we observed in the yeast two-hybrid assay. Although the YI mutation 
abolished the dimerization of EB1b in yeast two-hybrid, the YV mutation in EB1a did not 
affect the dimerization in BIFC assay. Unfortunately the dimerization of EB1b YI mutant was 
not tested in BiFC assay. The lack of conservation of I224 in EBa might explain differences in 
dimerization capacity between EB1bYI and EB1aYV mutants. 
Localization analysis of Arabidopsis EB1 protein family 
The localization of the EB1a, EB1b and the respective KR, YI(V) mutants was studied in 
different plant tissues using GFP fusions. Figure 5.9 gives an overview of their localization 
patterns in tobacco epidermal cells. As expected, the wild-type EB1a- and EB1b-GFP fusions 
associated with the microtubular cytoskeleton (Figure 5.9 A-B and G-H respectively). The C-
terminal GFP fusions decorated the whole microtubules in tobacco epidermal cells (A-G), 
while the N-terminal GFP fusions confirmed the previously described microtubule plus end 
localization of EB1a and EB1b (Figure 5.9 B-H). Both the C- and N-terminal KRa-GFP 
fusions localized in the cytoplasm and the nucleus (Figure 5.9 C-D). Although the KR 
mutation did not abolish the EB1 dimerization in yeast two-hybrid and BIFC assays, this 
mutation caused mislocalization of the EB1a dimers. It is interesting to note that EB1a KR 
dimers were associated with the cortical MT in BiFC assay. In contrast, the KRb-GFP fusions 
retained the microtubular association (Figure 5.9I) thereby differing from the KRa mutant. 
The YV EB1a-GFP C-terminal fusion associated with microtubules in transient leaf epidermal 
assays (Figure 5.9E), but the association was weaker compared to EB1a-GFP fusions, 
together with more background localization in the cytoplasm (Figure 5.9E). In contrast, the N-
terminal GFP-EB1a YV fusion lost its microtubular association when expressed in tobacco 
leaf epidermis (Figure 5.9F). Similar to the GFP-EB1a YV mutants, the GFP-EB1b YI protein 
did not bind the cortical microtubules (Figure 5.9J). Additional experiments will be needed to 
determine the localization of the EB1b YI-GFP in tobacco epidermal cells. 
From these localization experiments, we conclude that the YI(V) mutations caused 
mislocalization of the respective GFP-fusion proteins, whereas the KR mutation affected the 
localization of only EB1b. To confirm these results, mutant and wild-type EB1-GFP 
constructs were used for localization assays in tobacco BY-2 cells and Arabidopsis roots 
(Figure 5.10). 
 
EB1 interactions at the microtubule plus ends 
 
 
179
 
Figure 5. 9. Localizations of GFP-fusions of EB1 variants: EB1a (A-B), EB1a KR mutant (C-D), EB1a YV 
mutant (E-F), EB1b (G-H), EB1b KR mutant (I) and EB1b YI mutant (J). The EB1 variants were tagged 
both C-terminally and N-terminally and imaged using confocal microscopy in tobacco epidermis cells. 
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Figure 5.10: Localizations of GFP-fusions of EB1a (A-B-C-D), EB1a KR mutant (E-F-G), EB1a YV 
mutant (H-I-J-K), EB1b (L-M-N), EB1b KR mutant (O-P-Q). The C-terminal GFP-fusions of the different 
EB1 proteins were imaged using confocal microscopy in dividing BY-2 cells and Arabidopsis roots. Black 
boxes indicate the experiments that are still in progress. 
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Both EB1a-GFP and EB1b-GFP labelled the whole microtubules or the comet-like 
microtubule plus ends in interphase tobacco BY-2 cells (Figure 5.10 A-O), the spindle 
microtubules (Figure 5.10 during metaphase (B), during prophase (M)), and the phragmoplast 
microtubules (Figure 5.10C). While the EB1b-GFP fusion associated strongly with the 
cortical microtubular network in tobacco epidermal cells (Figure 5.9G), in BY-2 cells, the 
microtubule plus ends were labelled with EB1b-GFP (Figure 5.10L-M). In Arabidopsis roots, 
EB1b-GFP cortical microtubule localization was visible (Figure 5.10N), but this was not clear 
in EB1a-GFP seedlings (Figure 5.10D) 
Similar to the results in tobacco epidermal cells (Figure 5.9), the EB1b KR mutant associated 
with microtubules during interphase (Figure 5.10O), spindle formation (Figure 5.10P) and 
phragmoplast (Figure 5.10Q), in contrast to the EB1a KR mutant that was not associated with 
microtubules anymore (BY-2 interphase (Figure 5.10E), spindle formation (Figure 5.10F)). 
Although the EB1a YV mutant associated weakly with microtubules in transient leaf 
epidermal assays, in BY-2 cells its micotubule localization was completely disturbed during 
interphase (Figure 5.10H), metaphase (I) and cytokinesis (J). In Arabidopsis, in contrast to the 
EB1a KR mutation that was also found in the nucleus (G), the EB1a YV protein localized 
only in the cytoplasm (Figure 5.10K). The localization of EB1b YI mutant was not analyzed. 
Taken together, the results in tobacco epidermal cells, BY-2 and Arabidopsis plants have 
shown that EB1a KR and EB1a YV mutations disturbed the microtubule association of these 
proteins. This experiment has also revealed that the KR mutation had a different effect on 
EB1a and EB1b localization. 
Expression analysis of EB1a, EB1b and EB1c 
To investigate whether the hetero-dimerization of the different EB1 family members could 
have a biological function, the expression patterns of the three EB1 family members were 
studied in different tissues of Arabidopsis plants. We used qPCR and histochemical GUS 
analysis to determine the expression patterns of EB1a, EB1b and EB1c. Figure 5.11 shows the 
qPCR expression profiles of EB1a, EB1b and EB1c genes in different organs of Arabidopsis 
seedlings. 
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Figure 5.11: Expression analysis of EB1a, EB1b and EB1c genes in Arabidopsis tissues. qPCR was 
performed on RNA from seedlings (4 days after germination), young roots and cotyledons (8 days after 
germination). Tissues from mature plants were harvested after transfer to soil, 30 days after germination. 
The experiments were performed in triplicate, and the resulting error bars were included in the graphs. 
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The qPCR profiles of the expression of the three EB1 family members showed high 
similarity. All EB1 family members were highly expressed in young roots and different stages 
of flower development (such as flower buds and open flowers). Expression of EB1a, EB1b 
and EB1c was detected in seedlings, cotyledons, young leaves and mature roots. The 
expression of EB1a and EB1b in mature leaves was very low, whereas the EB1c expression 
was still present in these leaves. Taken together, these results show that the EB1 proteins are 
co-expressed in different Arabidopsis tissues and therefore might function as as heterodimers. 
To study the expression profiles into more detail, we performed histochemical GUS-analysis 
on Arabidopsis seedlings transformed with promoter-EB1-GUS constructs. The results of 
these colour reactions are depicted in Figure 5.12.  
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Figure 5.12 Promoter GUS activity of EB1a, EB1b and EB1c in Arabidopsis seedlings. GUS colour 
reactions were performed on 8d old seedlings. Staining was visualized in (A-B-C) leaves, (D-E-F) 
trichomes, (G-H-I) root tips, (J-K-L) lateral roots, (M-N-O) anthers, (P-Q-R) stamen and (S-T) 
petals. 
EB1 interactions at the microtubule plus ends 
 
 
185
In 8-days-old Arabidopsis seedlings, EB1a, EB1b and EB1c GUS activity was visualized in 
the leaf vasculature (Figure 5.12 A-B-C). Additionally, EB1b and EB1c were expressed in 
stomata (Figure 5.12 B-C). Trichomes showed EB1b and EB1c but not EB1a expression 
(Figure 5.12E-D). Furthermore, EB1a and EB1b were expressed in the root tip and the root 
vasculature (Figure 5.12G-H), whereas EB1c was more generally expressed in the root 
meristem (Figure 5.12I). In the developing lateral roots, EB1a and EB1b were not upregulated 
(Figure 5.12J-K) whereas EB1c was highly upregulated (Figure 5.12L). When studying the 
expression of EB1a, EB1b and EB1c in flowers, we detected GUS colour reaction in pollen 
grains (Figure 5.12M-N-O). EB1c showed a homogenous expression in the pistils (Figure 
5.12O-R) and weak expression in the ovules (Figure 5.12O-R). EB1a did not show expression 
in either pistils or ovules (Figure 5.12P). Interestingly EB1b not only showed strong 
expression in the ovules (Figure 5.12Q), but GUS histochemical reactions also specifically 
stained the stomata on the pistil (Figure 5.12Q) and petals (Figure 5.12S). In flowers, EB1c 
could be found in petals as well (Figure 5.12T). Our data have shown that EB1a, EB1b and 
EB1c are co-expressed in leaves, roots and pollen grains and this thereby enables 
heterodimerization in these tissues. 
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EB1a and SPR1 co-localize and interact on microtubules in vivo 
Until now, three different +TIP proteins have been described in plants, the EB1 family (Chan 
et al., 2003), SPR1 (Nakajima et al., 2004; Sedbrook et al., 2004) and CLASP (Ambrose et 
al., 2007; Kirik et al., 2007). Because SPR1 was not capable of binding microtubules directly 
in vitro, we investigated whether SPR1 recognizes the microtubule plus ends via interaction 
with EB1. We first performed co-localization experiments between EB1a-GFP, EB1b-GFP 
and SPR1-RFP by transiently co-expressing these proteins in tobacco leaf epidermal cells 
(Figure 5.13). 
Figure 5.13: Co-localization of EB1a-GFP, EB1b-GFP and SPR1-RFP proteins in tobacco leaf cells.
(A-D-G-J) SPR1-RFP localization. 
(B-E) EB1a-GFP fluorescence. 
(H-K) EB1b-GFP localization. 
(C-F) Co-localization of EB1a-GFP and SPR1-RFP at the cortical microtubules. 
(I-L) Co-localization of EB1b-GFP and SPR1-RFP. 
In some cells, SPR-RFP did not localize to the microtubules, but preferentially associated with 
endomembrane vesicles (white arrow, D-J). 
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In these cells, co-localization between SPR1-RFP and EB1a-GFP (Figure 5.13C-F), and 
SPR1-RFP and EB1b-GFP (Figure 5.13I) was observed at the cortical microtubules. SPR1-
RFP also strongly localized to the cytoplasm (D). Additionally, as previously described 
(Mathur et al., 2003), endomembrane localization of both EB1a-GFP (Figure 5.13E) and 
EB1b-GFP (Figure 5.13K) was found, and in the same cells, we could also detect partial co-
localization with SPR1-RFP in unknown vesicles (white arrows, Figure 5.13F-I). 
Since EB1 and SPR1 localization overlapped, the direct interaction between EB1 and SPR1 
was tested in BiFC assays (Figure 5.14). In stably transformed tobacco BY-2 cells, the 
localization of the BiFC EB1a-SPR1 complexes was followed in time. Figure 5.14 depicts a 
time-lapse confocal analysis of the BiFC EB1a-SPR1 complexes. The white arrow shows an 
example of a comet-shaped microtubule plus end, followed in time with consecutive images 
taken every 10 seconds. These results show that the EB1a-SPR1 dimers are capable of 
associating with the microtubule plus ends in a dynamic fashion in vivo. Further experiments 
are required to analyse the microtubule dynamics in these cells. 
Figure 5.14: Time-lapse confocal analysis of EB1a-SPR1 BiFC complexes, associated with the 
cortical microtubular cytoskeleton of stably transformed tobacco BY-2 cells. Micrographs were 
taken every 10 seconds, and as an example, the track of a growing microtubule plus end is indicated 
with a white arrow.  
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To test whether the correct localization of EB1 is important for the targeting of SPR1 to the 
microtubules, we have investigated the interactions between the EB1 mutants and SPR1 with 
BiFC assays (Figure 5.15). Both EB1a and EB1b interacted with SPR1 on cortical 
microtubules (Figure 5.15A-B and G-H). The interaction between SPR1 and the mutated 
EB1a KR protein (KRa) and EB1a YV mutant protein (YVa) was very weak, and not detected 
on microtubules (Figure 5.15C-D and E-F). Therefore, the localization of these mutant EB1-
SPR1 BiFC dimers was similar to the localization of the EB1a KR and YV mutants when 
fused to GFP (Figures 6.9-6.10). In contrast, the KRb-SPR1 complexes were still associated 
with the microtubules, in a similar fashion as the KRb-GFP fusion described in Figures 5.9-
5.10. The interaction between SPR1 and the EB1b YI (YIb) mutant was not tested. Our results 
indicate that in contrast to human EB1 neither the KR nor the YV mutation affects the EB1-
SPR1 binding. However, the association of the EB1-SPR1 dimers with microtubules was 
abolished when the EB1 dimerization was impaired, suggesting that EB1 dimers are important 
for the correct targeting of SPR1. 
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Figure 5.15. BiFC interaction experiments between EB1 variants (EB1a and EB1b WT, KR and YI 
mutants) and Spiral1. Both tail-head and head-tail combinations were visualized in transient tobacco 
transformations.  
(A-B) Interaction between EB1a and SPR1, (G-H) interaction between EB1b and SPR1 on cortical 
microtubules.  
(C-D) Interaction between SPR1 and EB1a KR (KRa) mutant, and (I-J) EB1 KR (KRb) and SPR1. 
(E-F) BiFC interaction between EB1a YV (YVa) mutant and SPR1. 
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Identification of EB1 complex using Blue Native PAGE 
To purify EB1a complexes with Tandem Affinity Purification (TAP), Arabidopsis cell 
cultures were generated, expressing N-terminally TAP-tagged EB1a proteins under control of 
the 35S promoter. The resulting TAP experiments showed that EB1a and EB1c are present in 
a complex with several other proteins, listed in Tables S2 and S3. To determine the size of the 
EB1 complex in planta, solubilized extracts were analyzed by non-denaturing two-
dimensional Blue Native (BN)/SDS-PAGE analysis. In this technique, Coomassie dyes and 
digitonin were introduced to induce a charge shift and to induce gentle solubilization of 
membrane proteins (Van Leene et al., 2007). Protein extracts from TAP-EB1a cell cultures 
were subjected to BN-PAGE (see Methods). To detect TAP-EB1a within potential protein 
complexes, single lanes of the BN gel were cut, mounted on a denaturing SDS gel in the 
second dimension, and subjected to immunoblot analysis using anti-CBP (Calmodulin 
Binding Peptide) antibodies, which recognized the TAP-tag (Figure 5.16). Using mass 
standards, we determined that most of the TAP-tagged EB1a complex has a mean relative 
mass of around 200 kDa (black arrow in Figure 5.16). The separation in the second dimension 
showed that the band detected with the anti-CBP antibody had a size between 50 and 60 kDa, 
which corresponds to the expected size of 52 kDa of the TAP-EB1a fusion protein. 
Additionally, the anti-CBP antibody detected an unknown band around 25 kDa, which is too 
small to correspond to the TAP-EB1a protein (Figure 5.16). 
To conclude, recombinant TAP-EB1a had a migration pattern ranging from non-complexed 
monomeric TAP-EB1a to protein complexes with a molecular mass of around 200 kDa, 
suggesting that the tagged protein successfully competes with the endogenous EB1a protein to 
be incorporated into physiological protein complexes. If EB1a functions as a dimer of 104 
kDa (2 TAP-EB1 proteins), or 84 kDa (1 TAP-EB1a heterodimerizing with endogenous EB1a 
protein), the 200 kDa complex could still contain other EB1 interacting proteins of between 
100 to 120 kDa. 
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Figure 5.16. BN/SDS-PAGE of EB1a complex. The NTAPi-EB1a protein complexes were fractionated by 
BN-PAGE in the first dimension and consecutively separated by SDS-PAGE in the second dimension. The 
gels were immunoblotted with 1/1000 anti-CBP antiserum and the TAP-EB1a complex was distinctly 
present as a complex of around 200 kDa (black arrow).  
Our previous experiments have suggested that Arabidopsis EB1s function as dimers and the 
dimerization is important for recruiting other +TIPs to microtubules. To see whether the KR 
mutation had indeed an effect on the complex composition, the EB1a complex size was 
compared to the complex size of the EB1a KR mutant. To do that protein extracts from TAP-
EB1a and TAP-KRa cell cultures were separated next to each other on the same BN-PAGE 
gel, to allow comparison of the complex sizes. The single lanes of the BN gel were cut, 
mounted on a denaturing SDS gel in the second dimension, and subjected to immunoblot 
analysis using anti-CBP (Calmodulin Binding Peptide) antibodies, to identify the TAP-EB1a 
and TAP-KRa fusions (Figure 5.17). 
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When comparing the sizes of the TAP-EB1a and TAP-KRa mutant complexes, the KRa 
complex demonstrated a shift to the right (Figure 5.17), thereby showing that the KR mutation 
had a reducing effect on the EB1 complex size. This could suggest that the KRa mutation 
disturbed interaction of EB1 with other binding partners of the complex. Furthermore, the 
Blue Native analysis has proven that the TAP-tagged EB1a and KRa were incorporated in 
complexes in plants cells, and consequently, the corresponding protein extracts could be used 
for Tandem Affinity Purification steps to identify other components of the EB1 complexes.  
 
The results of the TAP purification experiments with TAP-EB1a and TAP-KRa are described 
in Tables S2 and S4 respectively. Both purifications identified EB1b as an interaction partner, 
suggesting that the KRa mutation did not disturb the heterodimerization between EB1a and 
EB1b. The EB1a TAP purification resulted in the identification of possible cytoskeletal EB1a-
binding proteins, such as the kinesin motor proteins At3g44730 and At4g21270, and the 
myosins At1g04160, At5g20450 and At5g38190. No motor proteins could be detected after 
purification of the TAP-KRa complex. However, the identified protein interactions can differ 
between different TAP experiments. Therefore to prove that the KRa mutation had a 
disturbing effect on EB1a complex formation, additional interaction tests between EB1a, KRa 
and the identified motor proteins should be performed. 
 
NTAPi-KR-EB1a 
NTAPi-EB1a 
Figure 5.17: BN/SDS-PAGE of EB1. Protein extracts of TAP-EB1a and TAP-KR mutant-EB1a were 
fractionated on the same gel in the first dimension with BN PAGE. The second dimension was separated 
by SDS/PAGE, and the complexes containing TAP-EB1a and TAP-KRa were identified using 
immunoblotting against the Calmodulin Binding Peptide of the TAP–tag. The size of the KR-EB1a 
containing complex has been reduced when compared to the TAP-EB1a WT complex. 
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Phenotypical analysis of EB1 overexpression lines 
Our results have shown that the the C-terminal EB1 domain is important for the dimerization 
of EB1 proteins, in a similar way as was described for the human EB1 proteins (Hayashi et 
al., 2005; Honnappa et al., 2005). Deletion of the C-terminal tail has important effects on the 
EB1 function as well (Manna et al., 2008). Therefore it is possible that the fusion of a GFP-
tag at the end of the EB1 protein may result in dominant-negative effects. To test the effect of 
EB1-GFP overexpression on Arabidopsis plant growth, three independent insertion lines 
containing the 35S::EB1a-GFP, and three lines expressing 35S::EB1b-GFP were grown on 
vertical agar plates and analyzed for phenotypes. As described in Figure 5.18, the roots of one 
EB1b overexpression line clearly showed slanted root growth to the right when viewed from 
above the agar surface. This phenotype was similar to the SPR1 phenotype, since SPR1 was 
originally discovered as a skewing mutant (SKU6) (Nakajima et al., 2004; Sedbrook et al., 
2004). The EB1b-GFP overexpressing plants also show growth inhibition in soil when 
compared to Col-0 wild-type plants (Figure 5.18). This could indicate that EB1b proteins 
were involved in several growth and developmental processes in plants, in concurrence to 
their general expression pattern.  
Figure 5.18: Phenotypical analysis 
of EB1b-GFP overexpressing 
Arabidopsis plants. On the left, 
growth of 35S::EB1b-GFP plants in 
soil, compared to Wild Type Col 0 
plants. On the right, the 35S::EB1b-
GFP plants are showed when grown 
on vertical agar plates. The 35S-
EB1b-GFP plants are clearly 
skewing to the right  when viewed 
from above. 
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Discussion 
Dimerization of plant EB1 family members 
Despite the central role of EB1 proteins in microtubule-based processes in other systems, not 
much is known about the EB1 structure and function in plants. Plant EB1-interacting proteins 
have not been identified except for a recent report demonstrating association between the 
EB1a and the Tobacco Mosaic Virus Movement Protein (Brandner et al., 2008). When 
screening for putative EB1 interacting proteins, we identified homo- and heterodimers of 
different Arabidopsis EB1 family members. Ours and others data have shown that the 
Arabidopsis EB1a, EB1b and EB1c genes are co-expressed in various tissues, thereby 
possibly enabling hetero-dimerization (Bisgrove et al, 2008). 
Previously, the dimerization capacity of the human EB1 protein has been demonstrated by 
crystallographic studies (Honnappa et al., 2005; Slep et al., 2005). The structure of human 
EB1 has been characterized and found conserved in other systems. EB1 contains a NH2-
terminal calponin homology domain, involved in microtubule binding (Hayashi and Ikura, 
2003), a coiled coil domain that dimerizes (Honnappa et al., 2005; Slep et al., 2005) and a 
COOH-terminal negatively charged tail. The dimerization of EB1 proteins is thought to be 
important for the formation of the cargo-binding surface. Dimerization is also responsible for 
the duplication of EB1 binding sites. (Honnappa et al., 2005; Slep et al., 2005). In general, 
EB1 provides a scaffold for forming macromolecular +TIP complexes (Galjart and Perez, 
2003; Akhmanova and Hoogenraad, 2005; Akhmanova and Steinmetz, 2008). Dimerization of 
the EB1 proteins has not been demonstrated in plants but the high sequence conservation of 
the C-terminal, EB1-like motif, suggested that all EB1 orthologues including the Arabidopsis 
EB1s will assemble dimers (Slep et al., 2005).  
To investigate the interactions between EB1a, EB1b and EB1c into more detail, we used yeast 
two-hybrid, TAP purification and BiFC approaches. All EB1 homo-and heterodimer 
combinations were found in TAP and BiFC, while in yeast, only EB1c did not homo- and 
heterodimerize with EB1a. Because of the conserved coiled-coil structure of EB1c, EB1a and 
EB1b, it was expected that EB1c will function also as a dimer. A possible explanation for the 
difference between yeast and BiFC/TAP results could be that the interactions between EB1a 
and EB1c, and EB1c itself, were too weak to detect in yeast, but more stable in living plant 
cells (BiFC analysis and TAP), possibly by interaction with other binding partners. 
Interestingly, although the EB1a and EB1b proteins normally localize to the cortical 
microtubules, they were localizing to the nucleus as heterodimers with EB1c. These results 
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could suggest that the EB1c protein contains an unknown nuclear localization signal that is 
recognized for nuclear import, even when EB1c dimerizes with EB1a or EB1b. Further 
analysis can be performed to identify this nuclear localization signal, which is not expected to 
be present in EB1a and EB1b.  
 
The C-terminal domain is required for the dimerization of plant EB1s 
Studies with human EB1 protein describe several mutations in the C-terminal dimerization 
domain that abolished both EB1 dimerization and binding with downstream interaction 
partners such as the p150Glued protein (Hayashi et al., 2005). The K220A and R222A (KR) 
mutation compromised the left and right walls of the EB1-C terminal cavity thereby 
disrupting cargo binding. The Y217A and I224A (YI) mutation destabilized the four-helix 
bundle of the EB1 dimer and thus disrupted the dimerization. (Honnappa et al., 2005; Slep et 
al., 2005). Since those amino acids were identical (K-R-Y), or conserved (I or V) between 
human and Arabidopsis EB1 proteins, the corresponding alanine mutations were generated in 
EB1a and EB1b. Yeast two-hybrid analysis has shown that the YI mutation indeed abolished 
the homodimerization of EB1b whereas the EB1b KR mutant was still able to dimerize, 
similarly to the human KR mutants. Consistent with the yeast two-hybrid data EB1b KR 
mutant was able to form dimers in BiFC. Interestingly, not only EB1a KR but also EB1a YV 
mutant dimerized on microtubules. It will be of importance to further investigate the 
dimerization of EB1b YI in BiFC assay. Based on our results we conclude that the mechanism 
of dimerization is structurally conserved in plant EB1 proteins. However the change of I224 
into V224 in EB1a might account for differences in dimerization or suggest that domains 
other than the four-helix bundle are important. 
 
Function of EB1 dimerization in plants 
Although the KR and YI mutations in human EB1 abolished the dimerization and the cargo 
binding, their association with the microtubules in vitro was sill observed (Wen et al., 2004). 
Thus, EB1 dimerization was mostly important for the formation of the cargo-binding surface. 
To the contrary, GFP-localization assays of the plant EB1a and EB1b mutant proteins showed 
that the KR and YI(V) mutants did not associate with the microtubules in vivo. However, this 
contradicting data could be explained with more complex regulation of EB1 proteins in vivo 
than in vitro. In Hela cells, EB1 has been shown to interact with the COP9 signalosome (CSN 
complex), a complex involved in ubiquitination-dependent proteolysis. This interaction results 
in stabilization of the EB1 protein and protection against ubiquitin-mediated proteolysis. 
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Binding studies with the mutant EB1 I224A showed that this mutant was less efficient in 
pulling down the CSN complex and consequently, EB1 I224A was degraded much faster than 
the wild-type EB1 protein (Peth et al., 2007). If the overexpression of the Arabidopsis EB1 
mutants similarly results in differential regulation or degradation of these proteins, this could 
explain why the microtubular localization is disturbed, possibly by faster degradation. The 
localization of the EB1b KR mutant along microtubules was not changed, although the 
mutated amino acids are identical between EB1a and EB1b. Further experiments will be 
required to explain the difference between EB1a and EB1b KR mutants, possibly by 
comparing the complex composition of these mutants. Although the GFP-fusions of the KRa, 
YIa and YIb mutants did not localize to microtubules anymore, the BiFC dimers of these 
proteins distinctly did. One of the described properties of BiFC complexes is that the 
interacting proteins are artificially stabilized by the recombination of the BiFC GFP tag 
(Kerppola, 2006). Therefore the difference between GFP and BiFC results could be explained 
by the following hypothesis: when fused to full GFP, the KR and YI mutations interfere with 
the structure of the EB1 proteins by reducing the efficiency of dimerization, which results in 
abolished downstream interactor binding and disturbed microtubular localization of these 
proteins. However, when fused to the BiFC tags, the EB1 mutant proteins were artificially 
stabilized into dimers, which enabled them to successfully associate again with the cortical 
microtubules.  
In general EB1 proteins are thought to function as scaffold proteins at the microtubule plus 
end for recruiting other proteins (Lansbergen and Akhmanova, 2006). To test whether 
dimerization of EB1 proteins is necessary for cargo-binding of other +TIP partners, we 
investigated the interaction between EB1 and another plant microtubule plus-end binding 
protein, SPR1. SPR1 is a microtubule plus end-binding protein that was originally discovered 
as a skewing mutant (SKU6) (Furutani et al., 2000; Nakajima et al., 2004; Sedbrook et al., 
2004). spiral1 also showed an exaggerated right-slanting root-growth phenotype on agar 
surfaces. It was suggested that SPR1 was involved in microtubule polymerization dynamics 
and/or guidance, which in turn influenced touch-induced directional cell expansion and axial 
twisting. Recently Bisgrove et al. (2008) demonstrated that eb1b mutant show a leftward 
deviation in root growth when grown on vertical plates together with delayed responses to 
touch and/or gravity signals. Thus, suggesting that EB1 and SPR1 can function together, EB1 
and SPR1 co-localized and interacted on cortical microtubules. The EB1b KR and YI 
mutations did not affect EB1-SPR1 interaction but had an effect on the localization of EB1-
SPR1 dimers. The association of the EB1-SPR1 dimers with microtubules was disturbed. 
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Taken together, these results suggest that dimerization of EB1 was required not for the 
binding but for the correct targeting of SPR1 to the microtubules. Thus, it is possible that in 
spite of the dimerization conservation, plant EB1s developed different cargo binding 
mechanism. 
 
The EB1 complexes in plants 
Biochemical analysis of TAP-EB1a and TAP-EB1c complexes suggested that EB1a and EB1c 
are present in a complex with several other proteins. Using BN/SDS PAGE analysis, we 
determined that recombinant TAP-EB1a had a migration pattern ranging from non-complexed 
monomeric TAP-EB1a to protein complexes with a molecular mass of around 200 kDa. This 
suggests that the tagged protein successfully competes with the endogenous EB1a protein to 
be incorporated into physiological protein complexes. Because EB1a functions as a dimer of 
104kDa, the 200 kDa complex could still contain other EB1 interacting proteins of between 
100 to 120 kDa. Although the KR mutation had not effect on the EB1a-SPR1 interaction, we 
investigate whether the size of the native EB1a complex was changed by this mutation. Blue 
Native/SDS PAGE showed that the EB1a KR complex is smaller in size than the EB1a wild-
type complex. 
It had been reported that yeast and animal EB1 proteins form several complexes with 
cytoskeletal motors such as myosins and kinesins (for review see Wu et al., 2006).The TAP 
results have detected the following interesting candidates: the myosin like protein At1g04160, 
the putative kinesin-like protein At3g44730, the kinesin-related protein katA At4g21270, the 
myosin-like motor protein At5g20450 and the myosin heavy-chain related At5g38190. As a 
result, these proteins would be good candidates for further localization assays and interaction 
tests with EB1a. In contrast to this, the list of KRa interaction partners did not contain any 
motor proteins such as kinesins or myosins. This could suggest that the KRa mutation had an 
effect on EB1a complex formation, and to prove this, it would be interesting to perform direct 
interaction tests between EB1a and the identified motor proteins, and to confirm that these 
interactions would be disturbed by the KR mutation. 
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Materials and Methods 
Yeast two-hybrid 
Protein interactions were examined using the PROQUEST Two-Hybrid System (Invitrogen). 
The cDNA encoding the full-length coding sequences of AtEB1a, AtEB1b and AtEB1c were 
fused to the DNA-binding domain (DNA-BD) in the pDEST32 vector. The AtEB1a, AtEB1b 
and AtEB1c coding sequences were also fused to the activation domain (AD) in the pDEST22 
vector. DNA-BD and AD constructs were transformed into yeast strain, MaV203. For the 
positive control, yeast strains provided by the supplier were used. For the negative control, 
bait proteins were transformed together wit the empty prey vector pEXP-AD502, whereas 
prey proteins were co-transformed with the empty bait vector pDBLeu. The activation of the 
HIS reporter gene was tested by spotting the transformants on SD plates without His. SD 
plates did not contain Leu or Trp to select for the presence of both bait and prey plasmids. For 
yeast two-hybrid library screening, a custom-made cDNA library was used, made from RNA 
from Col-0 suspension cells (Invitrogen). For the EB1a library screen, 4.184 x 106 yeast 
transformants were screened on SD-Leu-Trp-His medium + 50 mM 3-AT. For the EB1c 
screen, 2.456 x 107 transformants were screened and identified after yeast DNA preparation 
(Zymo Research) and sequencing. 
Cell suspension cultures and transformation 
Arabidopsis thaliana L. Heyhn. Landsberg erecta cells were grown at pH 5.8 in Murashige 
and Skoog (MS) medium containing 4.43 g MS, 30 g sucrose, 500 µg NAA and 50 µg kinetin 
per liter. The Arabidopsis cells were cultured at 25°C in the dark on a rotating platform at 
150 rpm. Nicotiana tabacum L. Bright Yellow-2 (BY-2) cells were grown in medium with 
4.302 g MS, 0.2 g KH2PO4, 30 g sucrose, 0.02 mg 2,4-dichlorophenoxyacetic acid , 0.05 mg 
thiamine and 5 mg myo-inositol per liter (pH5.8). BY-2 cells were cultured under the same 
incubation conditions as Arabidopsis cells. The constructed GFP/RFP- protein fusions were 
transformed into BY-2 cells following the previously described protocol (Geelen and Inze, 
2001). The co-cultivation of BY-2 cells with the transformed Agrobacteria resulted in several 
transgenic BY-2 calli. Between 10 and 100 BY-2 calli were transferred to fresh medium and 
inspected for GFP fluorescence with an epifluorescence microscope (Axioskop; Zeiss, 
Heidelberg, Germany). When no EGFP fluorescence could be detected, instability of the 
fusion protein, lack of expression due to silencing or counter selection were assumed (Joubes 
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et al., 2001). The Arabidopsis cells were transformed according to (Van Leene et al., 2007). 
After selection in liquid medium, Western blot analysis was performed with anti-CBP 
antibody (1:1000) to check whether the TAP-fusion was present with the expected size. 
Arabidopsis thaliana (L.) Heynh. Ecotype Columbia (Col-0) plants were transformed by 
Agrobacterium-mediated transfection using the floral dip method (Clough and Bent, 1998) 
Microscopy 
GFP/RFP-positive calli were mixed with 150 ul of 1.5% low melting agarose and fixed with 
poly-L-lysine onto the bottom of a 1-well coverglass chamber (Lab-Tek, Naperville, IL). The 
cells were covered with 750 ul of fresh BY-2 medium to prevent drying out. Under these 
conditions, BY-2 cells carried on dividing and could be monitored overnight by confocal 
microscopy  (Zeiss 100M). Arabidopsis seedlings were captured between slide and cover 
glass and used for z-stack scanning. The confocal microscope was equipped with LSM510 
software version 3.2. An argon ion laser generated 488-nm light for EGFP excitation. Dual 
GFP and RFP excitation was imaged with a multichannel setting with 488 nm and 543 nm 
light for GFP and RFP excitation respectively. A 63X water corrected objective with a 
numerical aperture of 1.2 was used to scan the samples. The images were captured with the 
LSM510 image acquisition software version 3.2 (Zeiss). For transmission light images, 
differential interference contrast optics settings were used. Projections were obtained from 
approximately 30 serial optical sections, 0.5µm apart to cover two-thirds of the cell depth. 
Images were exported as TIFF files and processed with Adobe Photoshop (Mountain View, 
CA).  
Tandem Affinity Purification 
The Tandem Affinity purification procedure was performed according to Van Leene et al. 
(2007). In short, hhe EB1a, EB1c or EB1a KR mutant cDNA was cloned into the NTAPi 
vector (Rohila et al., 2004) using a Gateway LR-reaction and transformation into Arabidopsis 
cells PSB-D was performed as described above. After confirming the presence of the N-
terminal TAP fusions with Western blot, cells were harvested 3 days after subculturing, 
frozen in liquid nitrogen and homogenized. The TAP procedure was performed according to 
Van Leene et al, 2007. Arabidopsis cell suspension cultures were stably transformed by 
Agrobacterium-mediated co-cultivation. Transformed Arabidopsis cells were selected and 
transferred to liquid medium for upscaling. Expression levels of TAP-tagged proteins were 
checked by protein blotting with an anti-CBP antibody (data not shown).  Crude protein 
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extracts were prepared from Arabidopsis cells in extraction buffer (Van Leene et al., 2007). 
After subsequent centrifugation steps (36,900 x g for 20 min and 178,000 x g for 45 min at 4 
°C), purification steps were carried out following the procedure from Van Leene et al. Hereby 
the extract was incubated with IgG-Sepharose 6 Fast Flow beads (GE Healthcare), washed 
with IgG wash buffer and tobacco (Nicotiana tabacum L.) etch virus (TEV) buffer, and 
released from the column by an AcTEV digest (2 x 100 units; Invitrogen). After washing with 
calmodulin binding buffer and adjusting the CaCl2 concentration of the IgG-eluted fraction, 
an incubation step with calmodulin-agarose beads (Stratagene, La Jolla, CA) was performed. 
The resulting bound complexes were eluted with calmodulin elution and precipitated with 
TCA (25%, v/v). The protein pellet was washed twice with ice-cold acetone containing 50 
mM HCl, redissolved in sample buffer, and separated on 4–12% gradient NuPAGE gels 
(Invitrogen), followed by visualization colloidal Coomassie Brilliant Blue staining. After 
proteolysis and peptide isolation, MALDI-tandem MS analysis (4700 Proteomics Analyzer; 
Applied Biosystems) was used to identify peptide mass fingerprints (PMFs). The PMF and 
peptide sequence spectra were compared to the SNAPS database and the resulting protein 
homologues were identified. To increase the stringency of the dataset, contaminating proteins 
due to experimental background as determined by Van Leene et al. (2007) were 
systematically subtracted from the lists of co-purified proteins. Most contaminants are high 
abundant proteins such as chaperones, cytoskeleton proteins, ribosomal proteins, metabolic 
enzymes, or protein translation factors 
Cloning of promoter-GUS fusions 
PCR reactions with Takara ExTaq Polymerase (Madison, USA) were performed according to 
the manufacturer’s instructions using the following primers: for EB1a 
ATAGAAAAGTTGTGAAGACTAGTTCTCTGGTTGG and 
TGTACAAACTTGCCGTTGAGTTTTGCTTCTCTCTAAAACCC; for EB1b 
ATAGAAAAGTTGTGAAAAAGGTAAGAGTCTAGACTAGCTAT and 
TGTACAAACTTGACGTTTTGAACCCCTCTCTGAAACGAA; for EB1c 
ATAGAAAAGTTGTGGATTTTCTATTGTGTGACACAATTTGTTTC and 
TGTACAAACTTGCCGCTTCGATTTTCTCAGGTTTCTCTCTCTGGT. 
BP cloning reactions were performed to transfer the PCR products into pDONRP4P1R and 
Multisite LR-reactions transferred the promoter sequences, GUS cassette and terminator to 
destination vector pKm34GW to generate promoter-GUS fusions. The correct clones were 
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transformed into the Agrobacterium tumefaciens strain LBA4404.pBBR1MCS-5.virGN54D 
(van der Fits et al., 2000). 
Plant Material and Growth  
After floral-dip transformation of Col0 Arabidopsis plants with the EB1 promoter-GUS 
fusions and EB1 35S-GFP constructs, the Arabidopsis thaliana Heynh. ecotype Col-0 seeds 
were selected with Kanamycin (50 mg/l). The seeds were always germinated on medium 
derived from standard Murashige and Skoog medium on vertically oriented square plates 
(Greiner Labortechnik) in a growth chamber under continuous light (110 µE·m−2·s−1 
photosynthetically active radiation, supplied by cool-white fluorescent tungsten tubes; Osram) 
at 22°C . 
Expression analysis 
Histochemical reactions 
The histochemical GUS colour reactions were carried out according to standard protocols 
(Jefferson et al., 1987). The young seedlings were incubated in 90% acetone for 2 h at 4°C. 
After the material had been washed in phosphate buffer, it was immersed in the enzymatic 
reaction mixture (1 mg/mL of 5-bromo-4-chloro-3-indolyl β-d-glucuronide, 2 mM 
ferricyanide, and 0.5 mM of ferrocyanide in 100 mM phosphate buffer, pH 7.4). The reaction 
was performed at 37°C in the dark for 1 h to overnight and all samples were cleared by 
mounting in 90% lactic acid (Acros Organics), enabling analysis of the samples by 
differential interference contrast microscopy (Leica DMLB).  Photographs were taken with a 
CAMEDIA C-3040 zoom digital camera (Olympus) and processed with Photoshop 7.0 
(Adobe Systems). 
Quantitative RT-PCR 
RNA was extracted from different anatomical parts of Arabidopsis seedlings using the 
RNeasy kit (QIAGEN) and cDNA was prepared from 1 µg of total RNA with Superscript III 
reverse transcriptase (Invitrogen, Belgium). The quantifications were tested on an iCycler 
apparatus (Bio-Rad) with the Platinum SYBR Green qPCR Supermix-UDG kit (Invitrogen, 
Belgium) according to the manufacturer’s recommendations. PCR reactions were performed 
in 96-well optical reaction plates heated for 10 min to 95°C to activate hot start Taq DNA 
polymerase, followed by 40 cycles of denaturation for 60 s at 95°C and annealing extension 
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for 60 s at 58°C. Target quantifications were performed with specific primer pairs designed 
with the Beacon Designer 4.0 (Premier Biosoft International, Palo Alto, CA). All PCRs were 
performed in triplicate. The primers used to quantify the expression levels were the following; 
for EB1a caagctccgggatgtagaga and ttgcatacagtatcttcttcactgc, for EB1b tcctgtggctacttccaaca 
and tgcacttcggctgatgagt, for EB1c caaaacccagacacagagca and ctgctgctccaacgtcttct. The 
expression levels were normalized to EEF and CDKA expression levels and the resulting data 
were analyzed using qBase v1.3.4 (Hellemans et al., 2007). 
Bimolecular Fluorescence Complementation 
The bimolecular fluorescence complementation (BiFC) method (Hu et al., 2002) was based 
on the ability of two halves of a fluorescent protein to recombine in a functional fluorophore.  
The BiFC method was used to test interaction between proteins when these proteins each are 
fused to one half of the fluorescent protein. In this case, GFP was separated at residue 465 and 
split in two parts: a N-terminal fragment containing 465 bp (called head of GFP), and a C-
terminal part containing 252 bp (called tail of GFP). These BiFC sequences were cloned into 
pDONR221 entry clones. The EB1 variants and SPR1 were recloned into pDONRP2P3, and 
multisite recombinations were performed together with pDONRP4P1 35S promoter to 
generate in-frame N-terminal BiFC fusions of EB1a and SPR1. After transferring the correct 
clones to Agrobacterium tumefaciens. LBA4404, the resulting bacteria were grown for 2d in 
YEB medium, diluted to OD 0.1 and used for infiltration of the abaxial epidermis cells of 
young Nicothiana benthamiana leaves. Fluorescence was tested 3 to 5 days after infiltration 
with a LSM510 confocal laser scanning microscope. 
Isolation of protein complexes from Arabidopsis thaliana cell suspension 
cultures 
EB1-overexpressing Arabidopsis cell suspension cultures were cultivated as described 
previously. Approximately 340 mg cells were collected on a filter paper (Whatman nr.1) by 
vacuum filtration, frozen in liquid nitrogen and ground to homogeneity. Lysis by grinding was 
performed in 1 mL ice cold extraction buffer containing 50 mM BisTris/HCl (pH 7.0), 500 
mM ε-aminocaproic acid, 2 mM EDTA, 85 mM NaCl, 60 mM β-glycerophosphate, 500 µM 
Na3VO4, 1 mM NaF, 15 mM sodium 4-nitrophenylphosphate, 1mM dithiotreitol, 1% (v/v) 
plant protein protease inhibitor cocktail (P-9599, Sigma, St. Louis,USA), 1 mM PMSF, 0.1 
mM benzamidine-HCl, 10% (v/v) glycerol and 1% (w/v) insoluble polyvinylpolypyrrolidone. 
Digitonin was added in a concentration of 2 %(w/v). 
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Solubilization of protein complexes 
To remove insoluble material, whole Arabidopsis cell lysates were centrifuged at 20,000g at 
4°C for 45 min. The supernatant was filtered through a 0.22 µM syringe filter. The protein-
containing supernatant was then subjected to a desalting step by chromatography at 4°C using 
a Hiprep desalting column 26/10  (GEhealthcare) using BN sample buffer (30 mM HEPES 
pH 7.0, 150 mM potassium acetate). Before adding a non-ionic detergent, protein content was 
estimated with the Bradford Assay (Biorad, California, USA). Besides 1% plant protease 
cocktail and 10% glycerol, precooled digitonin was added in a final concentration of ~5 g/ g 
protein and the sample was immediately loaded onto the blue native gel. The final protein 
concentration/sample is 400 µg for 18 x 16 x 0.75 cm gels. Coomassie dye was omitted from 
the sample before loading.  
Two-dimensional BN PAGE/ SDS-PAGE 
Blue native gradient gels (10% to 16%, 18 x 16 x 0.75 cm) were hand cast (SE 675 multiple 
gel caster, GE Healthcare, Uppsala, Sweden). BN PAGE was performed overnight at 4°C (45 
min at: 100 V and 6 mA; 16 hours at: 250 V and 15 mA) (SE 600 Ruby, GE Healthcare, 
Uppsala, Sweden) The cathode buffer (50 mM Tricine, 15 mM BisTris pH 7.0) included 
0.02% (w/v) Coomassie G250 (SERVA Electrophoresis GmbH, Heidelberg, Germany) but no 
detergent and was not exchanged with a colorless cathode buffer during the run (10). For 
estimation of the molecular size of the protein complexes a HMW native marker kit (GE 
Healthcare, Uppsala, Sweden) was used. Strips corresponding to the sample lanes were cut 
from the BN gel and incubated for 30 minutes in a buffer containing 50 mM Tris/HCL pH 
6.8, 66 mM Na2CO3, 10% (v/v) glycerol, 2% (w/v) SDS and 2% (v/v) β-mercaptoethanol. 
Subsequently, the strips were rinsed for 1 min in deionized water, placed onto the 4% stacking 
gel (0.5 mM Tris/HCl pH 6.8, 0.1% (w/v) SDS, 0.01% (w/v) bromophenol blue) of the second 
dimension SDS gel (homogeneous 12% SDS polyacrylamide gels containing 1.5 M Tris/HCl 
pH 8.8 and 0.1% SDS) and overlaid with 0.5% agarose. Second dimension electrophoresis 
was performed according to a standard protocol for conventional 2D GE. 
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Supplemental materials 
Table S1: Overview of the results from the yeast two-hybrid screens using AtEB1a and AtEB1c as baits. 
 
 
 
AtEB1a interacting proteins MIPS code 
SEC14 cytosolic factor, putative At1g01630 
14-3-3 protein At1g22300 
Extensin At1g76930 
CDK-Subunit CKS1 At2g27960 
putative mitochondrial porin At3g01280 
protein binding / Zinc ion binding At3g12920 
EB1a At3g47690 
unknown protein At4g24265 
expressed protein At5g21020 
AtEB1c interacting proteins MIPS code 
ubiquitin-conjugating enzyme 1 At1g14400 
phosphate translocator-related protein At1g48230 
microsomal glutathione s-transferase At1g65820 
expressed protein, similar to Myosin heavy chain At1g68910 
GA-responsive GAST1 protein homolog  At1g75750 
expressed protein, similar to NPH4 transcription 
factor 
At2g03070 
nonspecific lipid transfer protein 2 At2g38530 
AtBRM, chromatin remodeling ATPase  At2g46020 
SAG20, senescence-associated protein At3g10985 
cystein protease inhibitor, putative At3g12490 
protein binding / Zinc ion binding At3g12920 
AGP12, arabinogalactan-protein 12 At3g13520 
Expansin-like protein EXLA1 At3g45970 
ubiquitin extension protein 1 At3g52590 
Osmotin-like protein At4g11650 
ATARD1; acireductone dioxygenase  At4g14716 
GCN5-related N-acetyltransferase At5g11340 
heat shock protein At5g12030 
Putative Rab geranylgeranyl transferase At5g12210 
Leucine-rich repeat family protein At5g21090 
F-box family protein At5g41490 
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Table S2: List of NTAPi-EB1a interacting proteins identified using Tandem Affinity Purification 
experiments. The TAP procedure was performed 4 times independently. In this table, protein information 
and number of different experiments where the partner was identified are listed. * indicates probable 
false positives according to Van Leene et al. (2007). 
Phosphofructokinase family protein At5g47810 
Chloroplast heat shock protein 70 At5g49910 
EB1B At5g62500 
AtRabA4a At5g65270 
AT number Protein name In number of 
experiments 
Peptide Count Protein 
Score 
At1g01960 guanine nucleotide exchange family protein 1 20 69 
At1g04160 myosin like protein 1   
At1g09970 Leucine-rich repeat receptor-like kinase 1 10 66 
At1g25350 glutamine-tRNA ligase, putative  1 19 67 
At1g29940 DNA-directed RNA polymerase family protein 1 18 69 
At1g31760 SWIB complex BAF60b domain-containing 
protein 
1 3 44 
At1g31950 terpene synthase/cyclase family protein 1 13 71 
At1g42440 expressed protein  1 17 76 
At1g49900 zinc finger (C2H2 type) family protein 1 15 70 
At1g60420 DC1 domain-containing protein 2 11 66 
At1g68580 agenet domain-containing protein 1   
At2g01730 metallo-beta-lactamase family protein 1 12 70 
At2g04310 Mutator-like transposase 1 16 71 
At3g02890 PHD finger protein-related 1 16 68 
At3g05900 neurofilament protein-related similar to NF-
180 
1 15 75 
At3g06210 Hypothetical protein 1 14 66 
At3g06810 acyl-CoA dehydrogenase-related 1 15 65 
At3g11760 expressed protein 1   
At3g22310 DEAD box RNA helicase, putative (RH9)* 2 14 69 
At3g22330 DEAD box RNA helicase* 2 16 100 
At3g24715 octicosapeptide/Phox/Bem1p (PB1) domain-
containing protein 
1 14 68 
AT3g44730 Putative kinesin-like protein 1 14 72 
At3g47690 EB1a 4 14 716 
At3g57180 expressed protein 1 12 69 
At4g14880 cysteine synthase / O-acetylserine (thiol)-lyase 2 9 70 
At4g21270 Kinesin-related protein katA 1 11 66 
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Table S3: Overview of binding partners of NTAPi-EB1c, identified in 2 independent Tandem Affinity 
Purification experiments. The results were listed in order of At number and the table included the protein 
name, number of experiments in which the protein was detected, peptide count and protein scores. * 
indicates probable false positives, as suggested by Van Leene et al (2007). 
At5g08780 histone H1/H5 family protein 1 13 64 
At5g18360 disease resistance protein (TIR-NBS-LRR 
class), putative 
1 14 66 
At5g20450 myosin-like motor protein 1 11 70 
At5g22035 ubiquitin-specific protease-related 1 9 70 
AT5G38190 myosin heavy chain related 1 14 68 
At5g45050 disease resistance protein-related similar to 
NL27 
1 17 79 
At5g49680 cell expansion protein, putative, similar to 
SABRE 
3 21 69 
At5g50320 subunit of Elongator, a histone acetyl 
transferase complex 
1 16 91 
At5g62500 EB1b 4 7 277 
At5g67270 EB1c 2 10 80 
At number Protein name In number of 
experiments 
Peptide 
Count 
Protein 
Score 
At1g32530 zinc finger (C3HC4-type RING finger) family 
protein 
1 13 65,9 
At1g48720 lectin receptor kinase 1 10 68,3 
At1g55550 kinesin motor protein-related 1   
At1g76530 auxin efflux carrier family protein* 1   
At1g76950 zinc finger protein (PRAF1) / regulator of 
chromosome condensation 
1 16 67,6 
At2g31680 Ras-related GTP-binding protein, putative* 1 10 81,3 
At3g22330 DEAD box RNA helicase, putative* 2 14 80,8 
At3g47690 EB1a 1   
At3g60550 cyclin family protein 1 9 63,1 
At4g14880 cysteine synthase / O-acetylserine (thiol)-lyase 1 6 73,7 
At4g17540 expressed protein 1   
At4g24630 zinc finger (DHHC type) family protein 1 11 81,1 
At5g40880 WD-40 repeat family protein / zfwd3 protein 1 7 64,2 
At5g51580 expressed protein 1 5 63,9 
At5g62500 EB1b 1 10 77 
At5g67270 EB1c 2 14 146 
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Table S4 : Overview of NTAPi-EB1a KR mutant interacting proteins, identified using 2 independent 
Tandem Affinity Purification experiments. This table described the protein identification, number of 
different experiments where the partner was identified, peptide count and protein score. *indicates 
probable false positive proteins, as suggested by Van Leene et al. (2007).  
At number Protein name In number of 
experiments 
Peptide 
Count 
Protein Score 
At1g01970 pentatricopeptide (PPR) repeat-containing 
protein 
1 11 66,60 
At1g20960 U5 small nuclear ribonucleoprotein helicase, 
putative 
1 23 75,10 
At1g21480 exostosin family protein* 1 13 64,10 
At1g26580 expressed protein 1 11 65,90 
AT1g26810 galactosyltransferase family protein  1 13 67,20 
At1g42440 expressed protein 1 17 83,90 
At1g59610 dynamin-like protein, putative (ADL3)* 1 15 77,00 
At1g67120 midasin-related 2 38 92,90 
At1g70830 Bet v I allergen family protein similar to Csf-2 1 11 65,00 
At1g71010 phosphatidylinositol-4-phosphate 5-kinase 
family protein 
1 20 71,10 
At2g07215 hypothetical protein 1 10 65,10 
At2g10780 Pseudogene 1 25 81,80 
At2g19560 proteasome protein-related  1 6 70,10 
At3g05190 aminotransferase class IV family protein 1 12 65,60 
At3g15390 expressed protein 1 11 65,70 
At3g19770 vacuolar sorting protein 9 domain-containing 
protein 
1 11 66,30 
At3g22310 DEAD box RNA helicase, putative (RH9)* 2 16 84,60 
At3g22330 DEAD box RNA helicase, putative* 2 17 121,00 
At3g24255 expressed protein  1 11 70,40 
At3g46960 DEAD/DEAH box helicase, putative 1 17 67,50 
At3g47690 EB1a 2 15 119,00 
At3g48050 bromo-adjacent homology (BAH) domain-
containing protein 
1 19 75,00 
At3g48060 bromo-adjacent homology (BAH) domain-
containing protein 
1 19 71,20 
At3g53760 tubulin family protein 1 14 65,80 
At4g07850 putative polyprotein 1 16 65,60 
At4g16143 importin alpha-2, putative 2 15 94,10 
At4g34240 aldehyde dehydrogenase (ALDH3) 1 13 64,90 
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At4g36105 expressed protein 1 9 67,10 
At5g25230 elongation factor Tu family protein* 1 15 62,40 
At5g39420 protein kinase family protein 1 13 70,80 
At5g41790 COP1-interactive protein 1 / CIP1 1 21 75,30 
At5g60070 ankyrin repeat family protein 1 12 71,60 
At5g62500 EB1b 2 14 136,00 
At5g66190 ferredoxin--NADP(+) reductase, putative 1 11 75,30 
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the GFP-ARC1 fusion under the endogenous ARC1 promotor. 
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Chapter 6: Conclusions and future perspectives 
 
The correct function of different cytoskeletal structures during cell division requires a tight 
cooperation of several microtubule-associated proteins (MAPs). The identification of plant 
MAPs was originally hampered by low amounts of tubulin (compared to animal brain cells), 
the presence of a tough cell wall, vacuolar phenolics, cross-linking peroxidases and 
hydrolases. Because these factors complicated biochemical isolation, a combination of 
strategies was needed to identify plant MAPs, including homology searches, mutational 
approaches, affinity to animal tubulin or biochemical purification from cytoplasmatic extracts. 
Some classes of MAPs from protists and metazoans are completely absent in plants, such as 
the CLIP/dynein/dynactin complex, while others are conserved, like the EB1 +TIPs. 
Additionally, plant-specific MAPs such as SPR1 and ATK5 have been described, and these 
proteins are probably involved in the organization of plant-specific cytoskeletal arrays. 
Compared to other systems, the knowledge of MAPs and their regulating partners in plants is 
still limited, but recently, several MAPs have been discovered by biochemical analysis, GFP-
fusion strategies and cloning of cytoskeletal mutants. Additionally, this information becomes 
more and more integrated with the study of regulatory kinases that associate with the 
cytoskeleton, such as CDKA and Aurora kinases. 
However, it is already clear that the next level of cytoskeleton research will be aiming 
towards an integrated view on the interactions between different MAPs. Recent advances in 
yeast have shown the high interdependence of +TIPs, but in other systems, this information is 
still lacking. The goal of this project was the identification of MAP protein complexes that 
function together in the successful execution of mitosis and cytokinesis. We selected several 
molecular players such as AURORA and EB1 because of their known function in 
cytoskeleton regulation or cytokinesis. These bait-proteins were then used to identify 
interaction partners with yeast two-hybrid library screens and Tandem Affinity Purification 
experiments (Chapters 2 and 5). 
At the beginning of this project, it was expected that the simultaneous screening of several 
bait proteins would result in the identification of overlapping binding partners. However, 
hardly any overlap could be found between the different screens. Since the yeast two-hybrid 
screen can only identify direct protein-protein interactions and not protein complexes, it is 
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still possible that the tested bait proteins were part of the same complexes, but did not bind 
each other directly and required the presence of a common binding partner.  
To gain further insight in this issue, yeast one-by-one interactions tests between the baits 
themselves could be performed. Recently, Sun et al. (2008) identified a direct interaction 
between Aurora B and EB1 in human cells, supporting our hypothesis that the baits used in 
our screens could indeed be part of the same cytoskeleton-regulating complexes.  
Studies in yeast suggest that the architecture of microtubule +TIP networks does not consist 
of compact and stable macromolecular complexes, but forms selective and transient 
interactions, constantly dissociating and reforming (Akhmanova and Steinmetz, 2008). If the 
interactions between plant MAPs are as transient in plants as they are in yeast, this would also 
render the detection of these interactions more difficult. Nevertheless, the yeast screens 
enabled us to identify a promising interaction partners of AUR1, called ARC1 (Chapters 2, 3 
and 4) and dimerization of the EB1 family (Chapter 5). Future research would be necessary to 
characterize the other proteins that were identified into more detail. Currently, the EB1 
interaction partners are being validated in collaboration with the research group of Dr. 
Sedbrook (Illinois State University). The results from the interaction screens of TPLATE, 
TIP1 and FORMIN5 could be valuable for future studies as well. 
A complementary method that we used to study protein-protein interactions is the Tandem 
Affinity Purification (TAP) technology, coupled to mass spectrometry. This approach has the 
advantage that interactions take place in the appropriate subcellular environment, in contrast 
to yeast two-hybrid, where the proteins are forced to interact in the yeast nucleus. However, 
the disruption of the cells and different purification steps might still disturb native complexes 
and prevent the detection of weak or transient interactions, as some interactions between 
MAPs are expected to be (such as transient phosphorylation events).  
When we compared our AUR1, EB1a and EB1c TAP results with the corresponding yeast 
two-hybrid lists, the overlap between them was low (for example, only tubulin as a common 
binding partner). Nevertheless, stable interactions such as the homo- and heterodimerization 
of EB1 family members were detected in both systems. In yeast, full-proteomic interaction 
screens have been performed using yeast two-hybrid and TAP-purification (Uetz et al., 2000; 
Ito et al., 2001; Gavin et al., 2002; Ho et al., 2002).  
When comparing these full-proteome interaction methods in yeast, Cornell et al. (2004) found 
the largest overlap between the TAP and the Uetz Y2H datasets, where 21% of the 
interactions found by Y2H are confirmed using affinity purification. Similar to our  
observations, less than 7% of the Y2H interactions in the Ito dataset were confirmed by TAP. 
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The lack of overlap between the datasets could be explained by the fact that only a small part 
of the interactome was sampled. Alternatively there could be too many background false 
positives in both methods. This may also be related with the stability of the complex under 
investigation, for instance phosphorylation interactions could be more transient. Since the 
beginning of this project, TAP tags with lower background false positives have been 
developed, and it would be useful to repeat the TAP purification procedure with these new 
tags. 
The screens for interacting proteins resulted in a high amount of unknown proteins. Since 
homology-based predictions of these unknown partners did not give enough information to 
assess the probability of their interaction with the bait proteins, our yeast screen was coupled 
to GFP localization assays. The procedure to transfer the two-hybrid cDNA’s to GFP-vectors 
was facilitated by the Gateway technology: the yeast two-hybrid inserts contained attB sites, 
which enabled us to transfer the inserts through BP-and LR-reactions (Gateway, Invitrogen) 
in a high-throughput format. The cloning vectors used in this study were Gateway destination 
binary vectors containing the 35S promoter. Fusing the interacting proteins to a GFP-tag may 
interfere with native targeting signals of some proteins. Furthermore, the localization of some 
proteins may be perturbed by the tag or by the enhanced overexpression of the fusion protein 
with 35S. The overexpression of some GFP-fusions may even disturb the processes that 
normally involve this protein. An interesting example of this was the multinuclear phenotype 
when the unknown protein At5g05970 was overexpressed. This phenotype was very similar to 
what has been described with overexpression of Aurora A in human cells (Fujita et al., 2004) 
or AUR1-GFP in BY-2 cells (Van Damme et al., 2004).  
An alternative technique to test protein-protein interactions is the Bimolecular Fluorescence 
Complementation Assay (BiFC). This technique has the advantage to not only detect 
interaction in vivo, but also to define its the precise subcellular localization. This is in contrast 
to the yeast two-hybrid system, where proteins are artificially targeted to the yeast nucleus. In 
this study, BiFC was used to analyze the EB1 homo-and heterodimerization, and the 
interactions between EB1 and SPR1 (Chapter 5). Because we have shown that BiFC 
complexes can dynamically associate with the microtubule plus ends, it would be very 
interesting to investigate the microtubule dynamics using BiFC and for example, compare the 
effect of EB1-dimer and EB1-SPR1 complexes on microtubule polymerization and 
depolymerization parameters. A disadvantage of BiFC technique is the impossibility to 
predict at which position the protein of interest should be tagged with the non-fluorescent 
GFP fragments in order to produce a maximal fluorescent signal. Therefore BiFC requires 
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empirical testing of several combinations of fusion proteins, fused to the N- and C-terminal 
ends, which makes this technique less practical for high-throughput validation of yeast and 
TAP interaction screens. 
When the screen for AURORA1 interactors was started, it was expected that the identification 
of binding partners would enable us to create a “cellular map” of AUR1 activities, with the 
kinase moving from one binding partner to another, and simultaneously from one localization 
to another, for example from the spindle to the cell plate. However, the GFP-localization 
results of the AUR1-interacting proteins were not so straightforward. For instance, three 
nuclear AUR1 binding partners (At3g11100, At3g04930, At4g17060) associated with 
unknown dots around the metaphase plate, a localization pattern that has not been reported so 
far. Four proteins associated with the cell plate during cytokinesis, suggesting that they were 
possible binding partners of AUR1 during cytokinesis. The coupling of yeast two-hybrid 
screening and GFP-localization enabled us to identify an unknown protein, ARCTICA1, as an 
AUR1 binding partner.  
In this thesis, ARCTICA1 was discovered to be a novel plant-specific AURORA1 substrate. 
Further analysis will be required to understand the role of the interaction between ARCTICA1 
and AURORA1 during cell division. To investigate this, the AUR1 phosphorylation site of 
ARC1 is currently being determined, and mutational analysis of the identified 
phosphorylation site will allow us to study the effect of AUR1 phosphorylation on ARC1 
function. Alternatively, the Aurora inhibitor Hesperadin will be used to study whether the 
localization of ARC1 depends on AUR1 phosphorylation.  
We propose that ARC1 could be part of a chromosomal passenger complex in plants, because 
of the dynamic localization of ARCTICA1 at the kinetochores and the cytokinetic apparatus, 
in analogy to the definition of chromosomal passengers used in other systems. However, since 
it is not known yet whether chromosomal passenger complexes exist in plants, and there are 
no other chromosomal passengers proteins identified yet, further biochemical characterization 
of the AUR1/ARC1 complex will be an important next step. The function of other 
AUR1/ARC1 complex partners will need to be determined. In analogy to what is known 
about Aurora substrates in other systems, it will be of great interest to learn whether the 
binding of ARC1 to AUR1 influences the activation of AUR1, the substrate specificity or the 
localization of the Aurora complex. A possible experiment would be to localize the AURORA 
kinases in an ARCTICA mutant background and vice versa. Furthermore we will test whether 
the addition of ARCTICA1 protein can stimulate or inhibit the kinase activity of AUR1. 
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Since the ARC1 RNAi/arc2-1 plants contain multinucleated cells and aberrantly positioned 
cell walls, the possible role of ARC and AUR in cell plate positioning and cytokinesis will be 
investigated into more detail. Comparison of the TAP-purified components of AUR1 and 
ARC1 complexes has shown that tonneau 1a (At3g55000) is part of both complexes. The 
Tonneau 1a protein was reported to be involved in the architecture of cortical microtubules. 
Because this protein had a LisH motif that may contribute to the regulation of microtubule 
dynamics, it would be very interesting to see whether At3g55000 localizes to the cytoskeleton 
during division and to test where it interacts with AUR1 and ARC1. A useful complementary 
method would be the Bimolecular Fluorescence Complementation technique, because this 
would enable us to detect the precise subcellular of interaction (e.g. at the kinetochores 
checkpoint, or at the preprophase band). We are currently investigating the localization of the 
ARC genes under expression of their endogenous promoter, and preliminary analysis has 
shown that ARC1 can localize to the preprophaseband. The role of both ARC1 and AURORA 
genes at the preprophaseband will be elucidated by their respective mutant analysis (the 
mutant analysis of AURORA is currently performed in the group by Daniel Van Damme). 
In Chapter 4, we describe the asymmetrical localization of ARC1 and ARC2 to the plasma 
membrane. Although we could show that actin is involved in the specification of the 
membrane localization, it will be of great importance to find out more about the mechanism 
that limits ARC1 to certain regions of the plasma membrane. Moreover, the role of this polar 
localization pattern to the outside of Arabidopsis roots or to the root hair tips is yet unknown. 
The high upregulation of ARC1 after Aluminium treatment in publicly available expression 
data, such as the Genevestigator database (www.genevestigator.ethz.ch), suggests that the 
lines generated in this thesis can be used to test whether ARC1 is involved in Aluminium 
export or defense mechanisms, additional to its role in cell division.  
It was shown that ARC1 localization to the plasma membrane is not dependent on a BFA-
sensitive pathway, in contrast to other well-characterized polar proteins such as the PIN’s. In 
the future, the ARC1 protein can therefore be used as a new cell-biological tool to study cell 
polarity processes in plants. 
To conclude, this thesis has resulted in the identification of new cytoskeleton-associated 
proteins that will be of use to understand the function of our bait proteins AURORA and EB1. 
Specifically the ARC1 protein will generate new insights in the mechanisms of cell division 
and cell polarity in plants. 
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Summary 
 
During the cell cycle, the microtubule (MT) cytoskeleton undergoes fast rearrangements from 
cortical microtubules to preprophase band, spindle and phragmoplast. Key to understanding 
the organization of the plant cytoskeleton is the identification of proteins that regulate the 
spatial and dynamic properties of microtubules. A number of microtubule-associated proteins 
(MAPs) have already been uncovered, including proteins that specifically associate with the 
microtubule plus ends. However, these proteins do not act alone, but are expected to interact 
with one another to exert their functions in the controlled nucleation, (de)-stabilization, cross-
linking or anchoring of the cytoskeleton during mitosis (Chapter 1). 
The goal of this research was the identification of MAP protein complexes that function 
together in the successful execution of mitosis and cytokinesis. We selected several molecular 
players such as EB1, TPLATE, AURORA, FORMIN5 and MAP65 because of their known 
function in cytoskeleton regulation or cytokinesis. These bait-proteins were used to identify 
interaction partners with yeast two-hybrid library screens and Tandem Affinity Purification 
experiments. From budding yeast to human, AURORA serine/threonine kinases are essential 
for the successful execution of cell division. AURORA kinases are part of complexes that are 
responsible for the formation of a bipolar mitotic spindle, accurate segregation of 
chromosomes and the completion of cytokinesis. The AURORA kinase family in plants has 
recently been identified, but the binding partners or regulators of the plant AURORA’s 
remain mostly unknown.  
To identify components of different AURORA complexes in plants, we performed yeast two-
hybrid screens using AURORA1 (AUR1) as a bait. Since the list of resulting binding partners 
contained mostly unknown proteins, we validated the interaction data by fusing the binding 
partners to GFP. Because AUR1 localizes to the spindle microtubules and to the cell plate, we 
looked for proteins associating with the cytoskeleton during cell division. Several proteins 
showed a dynamic cell cycle-specific localization pattern. Four proteins associated clearly 
with the cell plate and could thereby interact with AUR1 during cytokinesis. One of these 
unknown proteins also localized to the kinetochores during metaphase and anaphase, and was 
named ARCTICA1 (ARC1). To identify other novel components of the AUR1 complexes, we 
performed tandem affinity purification (TAP) experiments. Putative AUR1 interacting 
proteins such as the cytoskeleton proteins CENP-E and tonneau 1a were identified. Our data 
show that combining yeast two-hybrid, GFP-localization and TAP technologies was a 
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powerful strategy for identifying novel binding partners of AURORA kinases in plants 
(Chapter 2).  
Next, the interaction between AUR1 and ARC1 was investigated in more detail, and we 
proved that ARC1 was an in vitro substrate of AUR1. ARC1 belongs to a small 
uncharacterized protein family with one close homologue in Arabidopsis. The specificity of 
the interactions between ARC1, 2 and AUR1, 2, 3 was tested. Serial deletion mutants have 
been generated to map the AUR1-interaction domain of ARC1. The interaction between 
AUR1 and ARC1 was confirmed using in vitro pull-down assays and radioactive kinase 
assays. Expression analysis of ARC1, 2 and AUR1, 2 using GUS staining and qPCR analysis 
demonstrated the co-expression of AUR1, 2 and ARC1, 2 in different Arabidopsis tissues. 
When GFP-ARC1 fusions were followed in dividing BY-2 cells, the ARC1 protein localized 
to the kinetochores and then translocated to the growing cell plate during cytokinesis. This 
localization is reminiscent of the chromosomal passenger proteins, including AURORA B, in 
yeast and mammals.  
Analysis of the arc1arc2 double mutants suggested a role for the ARC genes in cell plate 
positioning or cytokinesis, because these mutants showed aberrant cell wall positions in the 
root. Together, these data describe the identification of a novel AURORA binding partner 
with an intriguing localization pattern that suggests that ARC1 could be part of a 
chromosomal passenger complex in plants (Chapter 3). 
ARC1 displayed a polar plasma membrane localization in cell cultures and when expressed in 
Arabidopsis plants. The nonionic detergent Triton X-100 was able to disturb the plasma 
membrane localization of ARC1, suggesting ARC1 was plasma membrane-attached. To 
investigate whether the polar localization of ARC required intact cytoskeleton, drug studies 
were performed with both with microtubule- and actin-depolymerizing agents. It was further 
investigated whether ARC1 the PIN proteins share a common mechanism of polar targeting. 
Thus, the localization of GFP-ARC1 was examined in the presence of vesicle transport, 
Brefeldin A (BFA). Taken together, our data suggest that the ARC1 polar membrane 
localization is not regulated through the same mechanisms as the PIN polarity pathway in 
plants. (Chapter 4). 
Finally, our interaction screens identified homo-and heterodimerization of the EB1 family of 
microtubule plus-end binding proteins. The dimerization of EB1b was disturbed by generating 
alanine mutations in the coiled coil EB1 domain. In planta confirmation of the EB1 homo- 
and heterodimerization was achieved by Bimolecular Fluorescent Complementation assays 
(BiFC). Interestingly, the microtubular localization of some of the GFP-EB1 mutants was lost 
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compared to non-mutated EB1, but could be restored by BiFC analysis, probably by artificial 
stabilization of the dimer. Because histochemical GUS and qPCR analysis showed that EB1a, 
EB1b and EB1c are expressed in overlapping tissues, it was shown that heterodimerisation is 
possible in whole plants. EB1 and SPR1 co-localized in tobacco leaf epidermal cells, and they 
were found to interact on the microtubules using BiFC. In contrast to this, BiFC analysis 
between EB1 mutants and SPR1 did not show MT localization anymore, which could suggest 
that the correct localization of EB1 is important for the targeting of SPR1 to the microtubules. 
Biochemical Blue-Native gel analysis has shown for the first time that EB1a is present in a 
complex of around 200 kDa in Arabidopsis suspension cells. Finally, binding partners of the 
plant EB1 proteins were identified via a combination of TAP-purifications and yeast two-
hybrid library screenings. To conclude, these results show that EB1 proteins function as 
dimers in Arabidopsis, and other possible components of the EB1 complexes are described 
(Chapter 5). 
To finalize this work, concluding remarks and future perspectives are presented (Chapter 6). 
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Samenvatting 
Het microtubulaire cytoskelet speelt een essentiële rol tijdens de celdeling, en het ondergaat 
snelle veranderingen om verschillende structuren te vormen: corticale microtubuli, 
preprophaseband, spoelfiguur en fragmoplast. Om de organisatie van het cytoskelet te 
begrijpen, is het belangrijk de eiwitten te identificeren die de opbouw en dynamische 
eigenschappen van de microtubuli reguleren. Een aantal microtubuli-geassocieerde eiwitten 
(MAPs) werden al ontdekt, waaronder ook eiwitten die specifiek met het plus-uiteinde van de 
microtubuli interageren (Hoofdstuk 1). Het wordt verwacht dat deze eiwitten met elkaar 
interageren om hun functies uit te oefenen in de nucleatie, (de)-stabilizatie of vastankering 
van het cytoskelet tijdens mitose. 
Het doel van dit onderzoek was de identificatie van cytoskelet-gebonden eiwitcomplexen die 
samenwerken om de mitose en cytokinese succesvol uit te voeren. Daarom hebben we 
verschillende gekende eiwitten geselecteerd die een rol spelen bij de regulatie van het 
cytoskelet of de cytokinese, zijnde EB1, TPLATE, AURORA, FORMIN en MAP65. Omdat 
het AURORA kinase een zeer belangrijke regulator is van de celdeling in andere systemen, en 
omdat in planten nog geen bindingspartners gekend zijn, behalve Histon H3, werd er 
gefocusseerd op de identificatie van AURORA (AUR) complexen (Hoofdstuk 2). Eerst werd 
AUR1 gebruikt als aas-eiwit in gist twee-hybride screens, vervolgens werden de interactoren 
gevalideerd door ze te lokaliseren met behulp van GFP. Verschillende interactoren 
vertoonden een nog ongekende lokalisatie, zoals bvb. aggregaten ter hoogte van de metafase 
plaat.  Vier eiwitten co-lokaliseerden met AUR1 op de celplaat. Omdat een van deze celplaat-
eiwitten ook een patroon vertoonde dat leek op kinetochoren tijdens metafase en anafase, 
werd dit proteine verder bestudeerd en ARCTICA (ARC) genoemd. Uiteindelijk werd AUR1 
gebruikt in TAP zuiveringen, wat leidde tot de identificatie van mogelijk andere partners van 
het AUR complex, zoals tonneau. We kunnen hieruit concluderen dat de combinatie van gist 
twee-hybride, TAP en GFP-lokalisatie een goede strategie was voor het identificeren van 
nieuwe AURORA bindingspartners in planten. 
De interactie tussen AUR1 en ARC1 werd verder onderzocht in Hoofdstuk 3. We konden 
bewijzen dat ARC1 een in vitro substraat is van AUR1. ARC1 behoort tot een plant-
specifieke familie met een homoloog in Arabidopsis, ARC2 genaamd. Vervolgens werden de 
interacties tussen de verschillende ARC en AUR familieleden getest. Via qPCR en GUS-
kleuringen werd aangetoond dat ARC1,2 en AUR1,2 tot expressie komen in overlappende 
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Arabidopsis weefsels. De analyze van de arc1arc2 dubbelmutanten suggereert dat ARC een 
functie zou kunnen hebben bij de positionering van de celplaat, omdat er afwijkende 
celwanden waargenomen werden in de wortels.  
ARC vertoont eveneens een polaire lokalisatie ter hoogte van de celmembraan, zowel in 
celculturen als in Arabidopsis wortels. Met het detergent Triton X-100 konden we bewijzen 
dat ARC1 geassocieerd is met het plasmamembraan. Om te testen of deze polaire lokalisatie 
een intact cytoskelet vereist, werden producten toegevoegd die de microtubuli of actine 
depolymerizeren. Bovendien konden we aantonen dat de polaire lokalisatie van ARC1 
behouden bleef in de aanwezigheid van BFA, een inhibitor van vesicel transport. Dit wijst 
erop dat ARC niet op dezelfde manier gereguleerd word als andere gekende polaire eiwitten 
zoals de PINs (Hoofdstuk 4). 
In Hoofdstuk 5 bespreken we de homo- en heterodimerisatie van de EB1 familie in planten. 
De homo- en heterodimerisatie van EB1a,b en c werd bestudeerd door middel van gist twee-
hybride, Bimoleculaire Fluorescentie Complementatie (BiFC) experimenten en TAP 
zuiveringen. De dimerisatie van EB1b kon verstoord worden door middel van alanine 
mutaties in het coiled coil domein. Het effect van deze mutaties op de lokalisatie werd 
onderzocht met GFP-fusies. Bij biochemische Blue-Native analyses kon aangetoond worden 
dat EB1a-TAP in een complex van ongeveer 200 kDa aanwezig is in Arabidopsis 
suspensiecellen. Uiteindelijk werden ook mogelijke bindingspartners van EB1 geïdentificeerd 
via gist twee-hybride en TAP screens. We kunnen besluiten dat EB1 eiwitten hun functie in 
planten uitoefenen als dimeren. 
Dit werk wordt afgerond met een besluit en enkele toekomstperspectieven (Hoofdstuk 6). 
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Additional publications 
 
Somatic Cytokinesis and Pollen Maturation in Arabidopsis Depend on TPLATE, Which 
Has Domains Similar to Coat Proteins. 
 
Daniël Van Damme, Silvie Coutuer, Riet De Rycke, Francois-Yves Bouget, Dirk Inzé and 
Danny Geelen. 
 
Abstract 
TPLATE was previously identified as a potential cytokinesis protein targeted to the cell plate. 
Disruption of TPLATE in Arabidopsis thaliana leads to the production of shriveled pollen 
unable to germinate. Vesicular compartmentalization of the mature pollen is dramatically 
altered, and large callose deposits accumulate near the intine cell wall layer. Green fluorescent 
protein (GFP)–tagged TPLATE expression under the control of the pollen promoter Lat52 
complements the phenotype. Downregulation of TPLATE in Arabidopsis seedlings and 
tobacco (Nicotiana tabacum) BY-2 suspension cells results in crooked cell walls and cell 
plates that fail to insert into the mother wall. Besides accumulating at the cell plate, GFP-
fused TPLATE is temporally targeted to a narrow zone at the cell cortex where the cell plate 
connects to the mother wall. TPLATE-GFP also localizes to subcellular structures that 
accumulate at the pollen tube exit site in germinating pollen. Ectopic callose depositions 
observed in mutant pollen also occur in RNA interference plants, suggesting that TPLATE is 
implicated in cell wall modification. TPLATE contains domains similar to adaptin and ß-COP 
coat proteins. These data suggest that TPLATE functions in vesicle-trafficking events 
required for site-specific cell wall modifications during pollen germination and for anchoring 
of the cell plate to the mother wall at the correct cortical position. 
 
Article in: Plant Cell 18, 3502-3518 (2006) 
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